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INTEGRATION OF FLUIDS AND REAGENTS 
INTO SELF-CONTAINED CARTRIDGES 
CONTAINING SENSORELEMENTS 

PRIORITY CLAIM 

This application claims priority to U.S. Provisional Appli 
cation No. 60/548,613 entitled “PORTABLE INSTRU 
MENT FOR MICROARRAY ANALYSIS filed on Feb. 27, 
2004; U.S. Provisional Application No. 60/548,601 entitled 
“ON-CHIP COMBINATION OF CHEMICAL AND CEL 
LULARPANELS FOR ANALYSIS OF FLUID SAMPLES 
filed on Feb. 27, 2004; and U.S. Provisional Application No. 
60/548,190 entitled “CUSTOMIZED TESTING 
ENSEMBLES FOR COMPLEX FLUID ANALYSIS 
USING PORTABLE INTEGRATED MICROFLUIDICS/ 
DETECTING UNITS filed on Feb. 27, 2004. 

BACKGROUND 

1. Field of the Invention 
The present invention generally relates to a method and 

device for the detection of analytes in a fluid. More particu 
larly, the invention relates to a portable apparatus for obtain 
ing analytical information using both membrane- and par 
ticle-based detectors. 

2. Description of Related Art 
Current methodology used to complete medical diagnos 

tics, environmental monitoring, and detection of bioterror 
ism-related agents often require large and expensive instru 
ments and highly specialized personnel found only in certain 
hospitals, laboratories or government agencies. Furthermore, 
these instruments are often restricted to a limited number of 
applications. For example, in the area of medical diagnostics, 
each instrument is very specialized and designed either to 
measure protein levels or to analyze cellular matter but, typi 
cally, may never do both. Additionally, each system is capable 
of analyzing only a few of the relevant markers of a disease, 
therefore adding another component to an already tedious and 
time consuming process that can vary from hours to days. 
Long delays can be generated between the time of the initial 
visit, diagnosis, and administration of treatment, potentially 
having detrimental effects on the prognosis of the disease. 
Similarly, timely identification of an unknown environmental 
or deliberately introduced contaminant is crucial. For 
example, two of the envelopes from the 2001 anthrax attacks 
were processed at a facility that remained open for 9 days 
after the initial contamination, exposing more than 60 million 
mail items and more than 2000 employees to Bacillus anthra 
cis spores. 

It is therefore desirable that new methods and systems 
capable of discriminating analytes and/or microbes be devel 
oped for health and safety, environmental, homeland defense, 
military, medical/clinical diagnostic, food/beverage, and 
chemical processing applications. It is further desired that the 
methods and systems facilitate rapid screening of analytes 
and/or microbes to be used as a trigger for more specific and 
confirmatory testing. It is further desired that sensor arrays be 
developed that are tailored specifically to serve as efficient 
microbe collection media. 

SUMMARY 

In an embodiment, an analyte detection system for both 
membrane and/or sensor array particle-based measurements 
may be used to determine the presence of analytes. In one 
embodiment, the system may include a sample collection 
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2 
device, an off-line sample processing unit, a fluid delivery 
system, a disposable cartridge, a cartridge self-positioning 
system, an optical platform, electronics, power Supplies, 
computer processor(s), and/or Software and firmware. In 
operation, a sample may be collected using the sample col 
lection device. Sample collection devices may include 
needles, capillary tubes, pipettes, and/or vacutainers. A 
sample collection device may be configured to consume a 
portion of the sample collection device that contacts a sample. 
A sample collection device may include a sample pick-up pad 
configured to receive a sample and deliver the sample to the 
cartridge. 

In an embodiment, a sample may be transported to a car 
tridge with the fluid delivery system. A sample may flow from 
the sample collection device to a sample reservoir in a car 
tridge. Reagents and/or buffers may be delivered to the 
sample reservoir. Reagents may be delivered by a reagent 
delivery system and/or contained in reagent reservoirs, 
reagent packs, and/or reagent pads. A sample reservoir may 
include a mixing chamber where a sample may react with 
reagents. An actuator coupled to the cartridge may drive fluid 
through the cartridge. 
A cartridge may include one or more particle-based or 

particle-based platform detection regions and/or membrane 
based detection regions. Light from an optical platform may 
pass onto a detection region and a detector in the optical 
platform may acquire images (e.g., visual or fluorescent) of 
the sample, and/or of sample-modulated particles. The 
images may be processed and analyzed using Software, algo 
rithms, and/or neural networks. 

In one embodiment, the system includes the use of defined 
populations of assay particles that are chemically sensitized 
to detect the presence of a specific analyte in a fluid by 
binding to the analyte. Chemically sensitizing a population of 
particles to detect an analyte may include coupling a receptor 
for the analyte to the population of particles. In an embodi 
ment, receptors for analytes may include antibodies that bind 
to the analyte. In an embodiment, populations of particles 
may be defined by color and/or size. Defining populations of 
particles by color may include coupling a fluorescent dye to 
the population of particles. In an embodiment, analytes may 
be detected by including a second chemical that binds to the 
analyte. In an embodiment, the second chemical may be a 
receptor and/or antibody to the analyte. In an embodiment, 
the second chemical may be defined by a color that is different 
from the color that defines the population of particles. In an 
embodiment, the second chemical may be defined by fluo 
rescent dye that is different from the fluorescent dye that 
defines the population of particles. In an embodiment, detect 
ing an analyte in a fluid may include detecting two different 
signals. 

In one embodiment, populations of particles may be 
mechanically captured on the Surface of a filter or membrane 
equipped flow cell system. The membrane-equipped flow cell 
system may be configured to allow fluid flow through the flow 
cell system and the filter or membrane. In one embodiment, 
the membrane-equipped flow cell system may be coupled to 
an optical/digital acquisition system that may be configured 
to allow the visualization of particles captured thereon. In an 
embodiment, the membrane-equipped flow cell system 
coupled to an optical/digital acquisition system may com 
prise a device that may facilitate the digital/optical acquisi 
tion of fluorescent signals resulting from immunological 
reactions that take place on the Surface of the membrane 
captured particles. 

In an embodiment, a detecting an analyte in a fluid may 
include forming a mixture of size- and color-coded particles 
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with the fluid. The particles may be coupled to a receptor that 
interacts with the analyte. In an embodiment, the particle/ 
fluid mixture may be passed across a porous membrane 
equipped in an analyte detection device. In an embodiment, 
an analyte detection device may include a flow cell system. In 
an embodiment, the analyte detection device may be config 
ured to capture the particles on the porous membrane. In an 
embodiment, the analyte detection device may be configured 
to visualize the particles captured on the membrane. In an 
embodiment, detecting the analyte may include detecting 
spectroscopic signals from the particles captured on the mem 
brane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Features and advantages of the methods and apparatus of 
the present invention will be more fully appreciated by refer 
ence to the following detailed description of presently pre 
ferred but nonetheless illustrative embodiments in accor 
dance with the present invention when taken in conjunction 
with the accompanying drawings in which: 

FIG. 1A depicts an exploded view of a membrane based 
flow sensor; 

FIG. 1B depicts a schematic of an embodiment of a micro 
chip; 

FIG. 1C depicts a schematic of an embodiment of a micro 
chip with a locking mechanism; 
FIG.1D depicts a schematic of an embodiment of positions 

of cavities in a microchip; 
FIG. 1E depicts a schematic of an embodiment of a pattern 

of cavities in a microchip; 
FIG.1F depicts a schematic of an embodiment of an alter 

nate pattern of cavities in a microchip; 
FIG. 2 depicts an embodiment of a membrane based flow 

sensor disposed in a housing: 
FIG.3 depicts a schematic diagram of an analyte detection 

system in flow-through mode; 
FIG. 4 depicts a schematic diagram of an analyte detection 

system in lateral flow mode: 
FIG.5 depicts a schematic diagram of an analyte detection 

system in back-flush mode; 
FIG. 6 depicts a flow chart of a method of collecting 

samples: 
FIG. 7 depicts a graph of calibration bead intensity vs. 

amount of sample added; 
FIGS. 8A-8F depict a method of analysis of particles cap 

tured by a membrane: 
FIG.9 depicts a schematic diagram of a membrane based 

analyte detection system that includes a sensor array detec 
tion device; 

FIG. 10 depicts porous particles: 
FIGS. 11A-D depicts a schematic diagram of a bead opti 

mization method; 
FIG. 12 depicts a schematic diagram of a flow cytometer; 
FIGS. 13 A-B depict a schematic diagram of a multi-layer 

artificial neural network; 
FIG. 14 depicts a schematic diagram of the preparation of 

multi-shell particles; 
FIG. 15 depicts a diagram of the shrinking core model for 

multi-shell particles in a monoanalyte system; 
FIGS. 16A-D depict graphical representations of multi 

component fingerprint responses yielded by functional multi 
shell particles upon the introduction of an analyte; 

FIG. 17 depicts a schematic diagram of the preparation of 
multi-shell particles having a common core with different 
outer layer ligands; 
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4 
FIG. 18 depicts plots oft, values for three different multi 

shell particle types vs. metal concentration; 
FIG. 19 depicts plots of red, blue and green absorbance of 

a multi-shell particle vs. time for multiple analytes; 
FIG. 20 depicts a diagram of the shrinking core model for 

multi-shell particles in a bianalyte system; 
FIG. 21A-C depicts plots of red, blue and green Absor 

bance vs. time plots for an EDTA-ALZC particle: 
FIG. 22A-D depicts an array of graphs showing the 

responses of an EDTA-ALZC particle to binary mixtures of 
Ca(NO), and MgCl; 

FIG. 23A-B depict plots of a particles primary (23A) and 
secondary (23B) delays vs. Mg" and Ca" concentration; 

FIG. 24 depicts breakthrough curves for a Cd and Hg 
mixture on cysteine and histidine conjugated particles; 

FIGS. 25A-B depict the detection of Hepatitis B HbsAg in 
the presence of HIV gp41/120 and Influenza A in an embodi 
ment of a sensor array system; 

FIG. 26 depict the detection of CRP in an embodiment of a 
sensor array system; 

FIG. 27 depicts the dosage response of CRP levels in an 
embodiment of a sensor array system; 

FIGS. 28A-D depict the multi-analyte detection of CRP 
and IL-6 in an embodiment of a sensor array system; 

FIG. 29 depicts the regeneration of receptor particles in an 
embodiment of a sensor array system; 

FIG. 30 depicts a schematic diagram of a device for mem 
brane and/or particle-based analyte detection; 

FIGS. 31A-D depict schematic diagrams of sample collec 
tion systems: 

FIG. 32A depicts a schematic diagram of a detection sys 
tem with actuators; 
FIG.32B depicts an embodiment of an actuator; 
FIG.32C depicts an embodiment of a channel coupled to a 

sample cartridge; 
FIGS. 33A-C depict schematic diagrams of disposable 

sample cartridges; 
FIG. 33D depicts an exploded view of a cartridge with a 

reagent capsule: 
FIG.33E depicts schematic diagram of a cartridge with a 

reagent capsule: 
FIG. 34 depicts an embodiment of a fluid delivery system 

that includes a sample probe; 
FIG. 35 depicts an embodiment of a fluid delivery system 

that includes a four-way fluidics interface; 
FIGS. 36A-B depict an embodiment of a fluid delivery 

system that includes a three-way fluidics interface; 
FIG. 37 depicts a schematic diagram of a cartridge self 

positioning system; 
FIG. 38A depicts a schematic diagram of an optical plat 

form; 
FIG.38B depicts an embodiment of a light emitting diode 

assembly; 
FIG. 38C depicts an exploded view of an embodiment of 

light emitting diode assembly: 
FIG. 39 depicts a schematic diagram of an optical platform 

that includes three light Sources; 
FIG. 40 depicts a schematic diagram of an optical platform 

that includes two light sources; 
FIG. 41 depicts an optical platform that includes two laser 

light Sources; 
FIG. 42 depicts a schematic diagram of an optical platform 

that includes a single optical fiber microlens; 
FIG. 43 depicts a schematic diagram of an optical platform 

that includes multiple optical fiber microlenses; 
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FIG. 44A-B depicts a schematic diagram of an optical 
platform that includes a multiple optical fibers to conduct 
signals to an analysis device; 

FIG. 45 depicts an analyte detection device that includes 
both a particle-based detection system and a membrane 
based detection system; 

FIG. 46 depicts an exploded view of a portion of a detection 
system support system; 

FIG. 47 depicts an analyte detection device that includes 
both a particle-based detection system and a membrane 
based detection system having an external pump; 

FIG. 48 depicts an embodiment of a disposable cartridge 
for use in the detection of analytes; 

FIG. 49 depicts a roller system configured to force liquid 
from one or more blister packs disposed in a cartridge; 

FIG. 50 depicts an embodiment of a disposable cartridge 
for use in the detection of analytes having input ports config 
ured to connect to standard sampling equipment; 

FIGS. 51A-C depict a sequence of steps for reacting a 
sample with a reagent in a mixing chamber, 

FIGS. 52A-C depict a series of schematic diagrams show 
ing the operation of a cartridge; 

FIG. 53 depicts a schematic drawing of an alternate 
embodiment of a cartridge; 

FIGS. 54A-C depict different embodiments of inlet and 
outlet channels in a cartridge; 
FIGS.55A-D depict different embodiments of channels for 

delivering fluids within a cartridge; 
FIGS. 56A-B depicts different embodiments of cartridges 

that include a trap; 
FIGS. 57A-C depict different embodiments of cartridges 

that include a fluidics interface; 
FIGS. 58A-B depict an embodiment of polystyrene par 

ticle types defined by size and by fluorescence signal inten 
S1ty; 

FIGS. 59A-C depicts an embodiment of the particle on 
membrane assay system; 

FIGS. 60A-D depicts the detection of TNF-C. in a fluid 
according to an embodiment; 

FIG. 61 depicts a dose response to TNF-C. according to an 
embodiment; 

FIG. 62 depicts an embodiment of a cartridge that includes 
a sensor array; 

FIG. 63 depicts an embodiment of a portion of the cartridge 
depicted in FIG. 63: 

FIG. 64 depicts an embodiment of a reagent reservoir and 
reagent pack in the cartridge depicted in FIG. 63; 

FIG. 65A depicts an embodiment of ablister pack contain 
ing reagents; 

FIG. 65B depicts a cross-sectional view of a blister of a 
blister pack; 

FIG. 66 depicts an embodiment of valves positioned in the 
cartridge depicted in FIG. 63: 

FIGS. 67A-67C depict views of the operation of a pinch 
valve; 

FIG. 68 depicts a cross-sectional view of a pinch valve; 
FIG. 69A depicts an exploded view of an embodiment of a 

cartridge that includes a sensor array; 
FIG. 69B depicts a top view of the cartridge of FIG. 69A; 
FIG. 69C depicts a perspective view of an embodiment of 

the cartridge of FIG. 69A; 
FIG. 69D depicts a bottom view of an embodiment of the 

cartridge of FIG. 69A; 
FIG.70 depicts an exploded side view of an embodiment of 

a cartridge; 
FIG. 71 depicts a side view of an embodiment of a car 

tridge; 
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FIG.72A depicts an exploded view of an alternate embodi 

ment of a cartridge that includes a sensor array; 
FIG. 72B depicts an embodiment of an arrangement of 

valves in the cartridge of FIG. 72A; 
FIG. 73A depicts an exploded view of an embodiment of 

the cartridge depicted in FIG.72A as sample is introduced in 
the cartridge; 

FIG. 73B depicts an embodiment of an arrangement of 
valves in a cartridge as sample is introduced in the cartridge; 

FIG. 74A depicts an exploded view of an embodiment of 
the cartridge depicted in FIG. 72A after the sample is intro 
duced into the channel; 

FIG. 74B depicts an embodiment of an arrangement of 
valves in a cartridge after the sample is introduced into the 
channel; 

FIG. 75A depicts an exploded view of an embodiment of 
the cartridge of FIG. 72A in which a reservoir is being actu 
ated; 

FIG. 75B depicts an embodiment of an arrangement of 
valves in a cartridge that allows a sample to be pushed towards 
a detection region using buffer released from a reservoir; 

FIG. 76 depicts an embodiment of buffer pushing sample 
towards a detection region; 

FIG. 77 depicts an embodiment of buffer pushing sample 
towards a detection region; 
FIG.78A depicts an exploded view of an embodiment of a 

cartridge; and 
FIG. 78B depicts an embodiment of an arrangement of 

valves in a cartridge. 

DETAILED DESCRIPTION 

Herein we describe a system and method for the simulta 
neous analysis of a fluid containing multiple analytes. The 
system may generate patterns that are diagnostic for both 
individual analytes and mixtures of the analytes. The system, 
in Some embodiments, is made of a combination of chemi 
cally sensitive particles, formed in an ordered array, capable 
of simultaneously detecting many different kinds of analytes 
rapidly. An aspect of the system is that the array may be 
formed using a microfabrication process, thus allowing the 
system to be manufactured in an inexpensive manner. 

Details regarding analyte detection systems can be found 
in the following U.S. patents and patent applications, all of 
which are incorporated herein by reference: U.S. patent appli 
cation Ser. No. 09/287,248 entitled “Fluid Based Analysis of 
Multiple Analytes by a Sensor Array”; U.S. Pat. No. 6,680, 
206 entitled “Sensor Arrays for the Measurement and Identi 
fication of Multiple Analytes in Solutions”; U.S. Pat. No. 
6,602.702 entitled “Detection System Based on an Analyte 
Reactive Particle': U.S. Pat. No. 6,589,779 entitled “General 
Signaling Protocols for Chemical Receptors in Immobilized 
Matrices”; U.S. patent application Ser. No. 09/616,731 
entitled “Method and Apparatus for the Delivery of Samples 
to a Chemical Sensor Array”; U.S. patent application Ser. No. 
09/775,342 entitled “Magnetic-Based Placement and Reten 
tion of Sensor Elements in a Sensor Array” (Published as U.S. 
Publication No.: 2002-0160363-A1): U.S. patent application 
Ser. No. 09/775,340 entitled “Method and System for Col 
lecting and Transmitting Chemical Information” (Published 
as U.S. Publication No.: 2002-0064422-A1): U.S. patent 
application Ser. No. 09/775,344 entitled “System and Method 
for the Analysis of Bodily Fluids” (Published as U.S. Publi 
cation No.: 2004-0053322); U.S. Pat. No. 6,649,403 entitled 
“Method of Preparing a Sensor Array'; U.S. patent applica 
tion Ser. No. 09/775,048 entitled “System for Transferring 
Fluid Samples Through A Sensor Array' (Published as U.S. 
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Publication No.: 2002-0045272-A1): U.S. patent application 
Ser. No. 09/775,343 entitled “Portable Sensor Array System” 
(Published as U.S. Publication No.: 2003-0186228-A1): U.S. 
patent application Ser. No. 10/072,800 entitled “Method and 
Apparatus for the Confinement of Materials in a Microma 
chined Chemical Sensor Array” (Published as U.S. Publica 
tion No.: 2002-0197622-A1); and U.S. patent application Ser. 
No. 10/427,744 entitled “Method and System for the Detec 
tion of Cardiac Risk Factors” (Published as U.S. Publication 
No.: 2004-0029259-A1). 

In another embodiment, a sensor array System may be a 
membrane based flow sensor. A membrane based flow sensor 
may be configured to accommodate the capture of microbes 
and/or cells with a filter that is placed within a fluidics device. 
Microbes and/or cells, whose size is larger than the pores of 
the filter, are captured in the flow cell assembly. The captured 
microbes and/or cells may be analyzed directly or may be 
treated with visualization compounds. 
A variety of microbes may be captured and analyzed using 

a membrane based flow sensor as described herein. As used 
herein, “microbe' refers to any microorganism, including but 
not limited to, a bacteria, spore, protozoan, yeast, virus, and 
algae. Some microbes that are of particular interested for 
detection include a variety of toxic bacteria. Examples of 
bacteria that may be detected using a membrane based flow 
sensor include, but are not limited to Escherichia coli O157: 
H7, Cryptosporidium, Vibrio cholerae, Shigella, Legionnella, 
Lysteria, Bacillus globigii, and Bacillus anthracis (anthrax). 
Viruses may also be detected using a membrane, including 
the HIV virus. 
Shown in FIG. 1A is an exploded view of a membrane 

based flow sensor 100. Flow sensor 100 includes a membrane 
110that is sandwiched between at least two members 140 and 
150. Members 140 and 150 are configured to allow fluid to 
flow to and through membrane 110. Members 140 and 150 are 
also configured to allow detection of analytes, after the ana 
lytes have been captured on membrane 110. A variety of 
different materials may be used for membrane 110, including, 
but not limited to, NUCLEPORE(R) (Whatman, Inc.; Clifton, 
N.J.) track-etched membranes, nitrocellulose, nylon, and cel 
lulose acetate. Generally, the material used for membrane 110 
should have resistance to non-specific binding of antibodies 
and stains used during the visualization and detection pro 
cesses. Additionally, membrane 110 is composed of a mate 
rial that is inert to a variety of reagents, buffers, and solvents. 
Membrane 110 may include a plurality of sub-micron pores 
that are fairly evenly distributed. The use of membranes hav 
ing an even distribution of pores allows better control of fluid 
flow and control of the isolation of analytes. 
Members 140 and 150 are composed of a material that is 

Substantially transparent to wavelengths of light that are used 
to perform the analyte detection. For example, if the analyte 
detection method requires the use of ultraviolet light, member 
140 should be composed of a material that is substantially 
transparent to ultraviolet light. Member 140 may be com 
posed of any suitable material meeting the criteria of the 
detection method. A transparent material that may be used to 
form member 140 includes, but is not limited to, glass, quartz 
glass, and polymers such as acrylate polymers (e.g., polym 
ethylmethacrylate). In some embodiments, both top member 
140 and bottom member 150 are composed of transparent 
materials. The use of transparent materials for the top mem 
ber and the bottom member allow detection to be performed 
through the membrane based flow sensor. 
As shown in FIG. 1A, membrane 110 is sandwiched 

between top member 140 and bottom member 150. Bottom 
member 150 and/or top member 140 may include indenta 
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8 
tions configured to hold a membrane. For example, in FIG. 
1A, bottom member 150 includes an indentation 152 that is 
configured to receive membrane 110, along with any other 
accompanying pieces that are used to support or seal mem 
brane 110. Indentations or cavities may be etched into top 
member 140 and/or bottom member 150 using standard etch 
ing techniques. 

Referring to FIG. 1A, bottom member 150 includes a first 
indentation 152, which is configured to receive a membrane 
support 130. Bottom member also includes a second inden 
tation 154. Second indentation is configured such that mem 
brane support 130 is inhibited from entering the second 
indentation. Second indentation may include a ridge disposed 
near the membrane support 130 such that membrane support 
130 rests upon the ridge. Alternatively, as depicted in FIG. 
1A, second indentation may be to may have a size that is 
smaller than the size of membrane support 130. In either case, 
when assembled, membrane support 130 is inhibited from 
entering second indentation 154, thus creating a cavity under 
membrane support 130. Cavity 154 may be used to collect 
fluids that pass through the membrane support 130 prior to 
exiting the system. 
Membrane support 130 is configured to provide support to 

membrane 110 during use. Membrane support 130 may be 
formed from a porous material that allows fluid to pass 
through the membrane Support. The pores of membrane Sup 
port 130 should have a size that allows fluid to pass through 
membrane Support 130 at a speed that is equal to or greater 
than the speed that fluid passes through membrane 110. In one 
embodiment, pores of membrane support 130 are larger than 
pores in membrane 110. The pores, however, cannot be too 
large. One function of membrane support 130 is to provide 
support to membrane 110. Therefore, pores in membrane 
support 130 should be sufficiently small enough to inhibit 
sagging of membrane 110 during use. Membrane Support 130 
may be formed of a variety of materials including, but not 
limited to, polymeric materials, metals, and glass. In one 
embodiment, a polymeric material (e.g., celcon acrylic) may 
serve as a material for membrane support 130. Additionally, 
membrane support 130 helps to keep the membrane planar 
during use. Keeping the membrane planar simplifies detec 
tion of the analytes by allowing the capture and detection of 
the analytes on a single focal plane. 
Membrane 110, as described above, may rest upon mem 

brane support 130 when the membrane based flow sensor 100 
is assembled. In some embodiments, a gasket 120, may be 
positioned on top of membrane 110. A gasket may be used to 
provide a fluid resistant seal between members 130 and 140 
and membrane 110. Gasket may inhibit the leakage of fluid 
from the system during use. 
Top member 140 may include a fluid inlet 160. Fluids for 

analysis may be introduced into device 100 via fluid inlet 160. 
Fluid inlet 160 may pass through a portion of top member 
140. In some embodiments, a channel 162 may be formed in 
top member 140 such that tubing 164 may be inserted into 
channel 162. Channel 162 may turn near the center of the top 
member to deliver the fluids to an upper surface of membrane 
110. 
Bottom member 150 may include a fluid outlet 170. Fluids 

that are introduced into the device 100 via fluid inlet 160 pass 
through top member 140 and through membrane 110. The 
fluids are then collected in cavity 154. A fluid outlet 170 may 
pass through a portion of bottom member 150. In some 
embodiments, a channel 172 may be formed in bottom mem 
ber 150 such that tubing 174 may be inserted into channel 
172. Channel 172 may be positioned to receive fluids that are 
collected in cavity 154 during use. 
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Optionally, a washing fluid outlet 180 may beformed intop 
member 140. Washing fluid outlet 180 is configured to receive 
fluids that pass through or over membrane 110 during a wash 
ing operation. Washing fluid outlet 180 may pass through a 
portion of top member 140. In some embodiments, a channel 
182 may be formed in top member 140 such that tubing 184 
may be inserted into channel 182. Channel 182 may be posi 
tioned to receive fluids that are used to wash membrane 110 
during use. 
Membrane 110 is selected from a material capable of fil 

tering the analytes of interest from a fluid stream. For 
examples, if microbes represent the analyte of interest, the 
filter should be capable of removing microbes from a fluid 
stream. A Suitable membrane may include a plurality of pores 
that have a size significantly less than the size of the analyte of 
interest. For airborne toxic microbes (e.g., anthrax), the mem 
brane may be configured to capture microbes that have a 
diameter of greater than about 1 lum. It is believed that 
microbes that have a diameter of less than about 1 um are very 
difficult to generate in large quantities, and if the organisms 
are viable, environmental stresses tend to interfere with the 
action of the microbes due to the high Surface area/mass ratio. 
Membranes may beformed from a variety of materials known 
in the art. In one embodiment, membrane 110 may be a 
track-etched NUCLEPORE(R) polycarbonate membrane. A 
NUCLEPORE(R) membrane is available from Whatman plc. 
Membrane 110 may be about 5-10 microns in thickness. 
Membrane 110 includes a plurality of pores. Pores may range 
from about 0.2 Lum in diameter up to about 12 um in diam 
eter to capture potentially dangerous microbes. 

In some embodiments, a membrane may include a plastic 
and/or metallic material with a high density of pores. A mem 
brane may be made of a material which is Substantially non 
reflective and/or substantially inhibits emission in the UV-vis 
range. For example, materials that a membrane may be 
formed from include, but are not limited to, polymethyl 
methacrylate (PMMA); polycarbonate (PC): Delrin R. (com 
mercially available from DuPont); titanium; silicon; silicon 
nitride; and/or combinations thereof. A membrane Support 
may be formed from various materials including, but not 
limited to, polymethylmethacrylate (PMMA); polycarbonate 
(PC): Delrin R; titanium; silicon; silicon nitride; and/or com 
binations thereof. 

In some embodiments, a membrane and a membrane Sup 
port may be combined to create a monolithic microchip. A 
monolithic microchip may be made through various tech 
niques such as LIGA fabrication, which may allow designand 
fabrication of high aspect ratio features; injection molding: 
through bundled optical fibers assemblies; and/or LASER 
etching. A microchip may be substantially circular, Substan 
tially rectangular, Substantially square, Substantially triangu 
lar, and/or have an irregular shape. 

FIG. 1B depicts a schematic of an embodiment of a mem 
brane. In FIG. 1B, holes in the membrane are drawn larger 
than their actual size for clarity. A membrane may be config 
ured to have pore dimensions to accommodate a variety of 
applications including, but not limited to, capturing microor 
ganisms and/or particles in the range of about 100nm to about 
1 mm in size. A membrane may have a thickness, t, a diam 
eter, D; holes with a diameter, d; and/or a density of holes on 
the microchip, p. In an embodiment, a specific set of param 
eters fort, D, d, and p may be used for a specific application. 
Various applications may include various definitions of spe 
cific sets of parameters for p, D, d, and t. In an embodiment, 
a membrane may have pores ranging from about 100 nm to 
about 1 mm and/or a thickness ranging from about 1 to about 
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10 
5000 microns. A membrane may have a thickness of from 
about 1 um to about 2000 um. 
As depicted in FIG.1C, a membrane may include a locking 

mechanism. A locking mechanism 190 for a microchip 191 
may be substantially circular, Substantially rectangular, Sub 
stantially square, Substantially triangular, and/or have an 
irregular shape. A locking mechanism may inhibit insertion 
ofan incorrect microchip in a system. For example, an analyte 
detection system may be capable of receiving a membrane 
that has the correct corresponding locking mechanism. If the 
locking mechanism is not of the proper shape and/or orienta 
tion, the membrane will not fit into the system. In this way 
only the proper membrane may be inserted into the system. A 
locking mechanism may also facilitate secure placement of a 
membrane in a desired location. Using a locking mechanism 
may facilitate consistent placement of a membrane in the 
same location in the system. A locking mechanism 190 may 
be positioned on a side and/or bottom of a membrane 191. It 
should be understood that particle based sensor arrays, as 
described herein, may also include a similar locking mecha 
nism for ensure insertion of the correct sensor array in the 
correct position. 

FIGS. 1D-E depict patterns of cavities or holes in a mem 
brane. Holes, openings, or cavities in a membrane may be 
positioned in a pattern, randomly positioned, and/or orderly 
positioned. Patterns created by holes in a membrane may 
cover the whole membrane or may be restricted to given areas 
of the membrane. In some embodiments, a membrane 191 
may have independent compartments 192 separated by walls 
193 or ridges. Walls in a membrane may be configured to have 
various geometries and height. A wall may define multiple 
compartments. In certain embodiments, compartments of a 
membrane may be connected to either the same drain and/or 
separate independent drains. Using compartments may allow 
delivery of fractions of a given sample to different compart 
ments. Using compartments may also allow one sample to be 
delivered sequentially to various independent areas of a mem 
brane. In another embodiment, different samples may be 
delivered to different compartments allowing analysis of 
multiple samples using a single membrane. 

In some embodiments, the independent areas or compart 
ments of a membrane may be characterized as having pores of 
different sizes. Pore sizes in a compartment may be config 
ured to accommodate applications such as, but not limited to, 
sequential sieving, cell sorting, bead sorting, and multiplex 
ing based on size. In an embodiment, a membrane or various 
compartments of a membrane may be configured to include 
one or more cavities. Cavities may include particles that 
interact with an analyte to produce a detectable signal. The 
cavities may be square-based pyramidal or conical and/or 
may have a shape to accommodate beads of different sizes. 
FIG.1F depicts a schematic of an embodiment of a mem 

brane that includes aparticle-based sensor array. A membrane 
191 may include a combination of cavities 194 capable of 
receiving one or more particles and holes 195 that may be 
used to capture analytes by filtration. Cavities 194, capable of 
receiving particles or beads, may be in a different compart 
ment 192 from holes 195 in a membrane. Walls 193 on a 
membrane 191 may separate compartments including cavi 
ties 194 with particles from compartments that include holes 
195. In some embodiments, a combination of particle wells 
and holes in different compartments may allow simultaneous 
on-chip capture and detection of cells and protein analysis of 
complex fluids (i.e., blood, urine, CSF, etc.). In certain 
embodiments, a microchip may include one or more calibra 
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tion aids such as, but not limited to, beads, fluorescent ele 
ments, size reference, and/or topographical points of refer 
CCC. 

FIG. 2 depicts an embodiment of a membrane based flow 
sensor disposed in housing 200. Top member 140, gasket 120, 
membrane 110, membrane support 130, and bottom member 
150 may be assembled and placed inside housing 200. Hous 
ing 200 may encompass membrane based fluid sensor. A cap 
210 may be used to retain membrane based fluid sensor within 
housing 200. Cap 210 may include a window to allow view 
ing of membrane 110. When positioned within housing 200, 
fluid inlet 160, fluid outlet 170 and washing fluid outlet 180 
extend from housing 200 to allow easy access to the mem 
brane based fluid sensor 100. 
A schematic of a complete membrane based analysis sys 

tem is shown in FIG. 3. Analysis system includes a plurality 
of pumps (p. p. p and pa). Pumps are configured to deliver 
samples (p1), Visualization reagents (p and ps) and mem 
brane washing fluids (p) to the membrane based fluid sensor 
100 during use. Reagents, washing fluids, and visualization 
agents are passed through pre-filters (fl. f. f. and f) before 
the fluids are sent to membrane based fluid sensor 100. Pre 
filters are used to screen out large particulate matter that may 
clog membrane 110. The nature and pore size of each pre 
filter may be optimized in order to satisfy efficient capture of 
large dust particles or particulate matter aggregates while 
resisting clogging. Pre-filter f1 is configured to filter samples 
before the samples reach the membrane based fluid sensor 
100. Pre-filter f1 is configured to allow the analyte of interest 
to pass through while inhibiting some of the particles that are 
not related to the analyte of interest. For example, spores, 
whose size is smaller than the pores of the pre-filter f, are 
passed through the pre-filter and captured in the membrane 
based fluid sensor 100. After passing through pre-filters f-f 
fluids are passed through a manifold. In some embodiments, 
membrane based fluid sensor 100 includes a single input line. 
The manifold couples the different fluid lines to the single 
input line of the membrane based fluid sensor 100. 

After passing through the manifold, fluids are introduced 
into fluid inlet of the membrane based fluid sensor 100. At 
appropriate times, a detector 250 is used to determine if any 
analytes have been captured by the membrane based fluid 
sensor 100. As depicted in FIG. 3, a detector may be placed 
over a portion of membrane based fluid sensor 100 such that 
the detector may capture an image of the membrane. For 
example, detector may be placed Such that images of the 
membrane may be taken through a window in the membrane 
based fluid sensor 100. Detector 250 may be used to acquire 
animage of the particulate matter captured on membrane 110. 
Image acquisition may include generating a “digital map' of 
the image. In an embodiment, detector 250 may include a 
high sensitivity CCD array. The CCD arrays may be inter 
faced with filters, light sources, fluid delivery, so as to create 
a functional sensor array. Data acquisition and handling may 
be performed with existing CCD technology. In some 
embodiments, the light is broken down into three-color com 
ponents, red, green and blue. Evaluation of the optical 
changes may be completed by visual inspection (e.g., with a 
microscope) or by use of a microprocessor (“CPU) coupled 
to the detector. For fluorescence measurements, a filter may 
be placed between detector 250 and membrane 110 to remove 
the excitation wavelength. The microprocessor may also be 
used to control pumps and valves as depicted in FIG. 3. 

The analyte detection system may be operated in different 
modes based on which valves are opened and closed. A con 
figuration of a system in a “flow through” mode is depicted in 
FIG. 3. In this mode, fluid is passed from the manifold to the 
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12 
membrane based fluid sensor 100 to allow capture of analytes 
or the addition of development agents. Fluids for analysis 
may be introduced into membrane based fluid sensor 100 via 
fluid inlet 160. During a “flow through' operation, valve V is 
placed in a closed position to inhibit the flow of fluid through 
wash fluid outlet 180. The fluids may, therefore, be forced to 
pass through membrane based fluid sensor 100 exit the sensor 
via fluid outlet 170. Valve V is placed in an open position to 
allow the flow of fluid to the waste receptacle. Valve V is 
placed in a closed position to inhibit the flow of fluid into the 
wash fluid supply line. 
The analyte detection system may also be operated in a 

“lateral membrane wash” mode, as depicted in FIG. 4. In this 
mode, the membrane is cleared by the passage of a fluid 
across the collection surface of the membrane. This allows the 
membrane to be reused for subsequent testing. Fluids for 
washing the membrane may be introduced into sensor 100 via 
fluid inlet 160. During a “lateral membrane wash” operation, 
outlet valves V and V are placed in a closed position to 
inhibit the flow of fluid through fluid outlet 170. The closure 
of outlet valves V, and V also inhibits the flow of fluid 
through the membrane of sensor 100. The fluids entering 
sensor 100 may, therefore, be forced to exit sensor 100 
through washing fluid outlet 180. Valve V is placed in an 
open position to allow the flow of fluid through washing fluid 
outlet 180 and into the waster receptacle. Since fluid is inhib 
ited from flowing through the membrane, any analytes and 
other particles collected by the membrane may be “washed 
from the membrane to allow further use. 
The analyte detection system may also be operated in a 

“backwash” mode, as depicted in FIG. 5. During a backwash 
operation, fluid outlet 170 is used to introduce a fluid into the 
analyte detection system, while wash fluid outlet 180 is used 
to allow the fluid to exit the device. This “reverse flow of 
fluid through the cell allows the membrane to be cleared. In an 
embodiment, valves may be configured as depicted FIG. 5, 
with the washing fluid being introduced through fluid outlet 
170. Specifically, valves V1 and V3 are open, while valve V2 
is closed. 

Either a lateral membrane wash or a back flush treatment 
may be used to clear analytes and other particles from a 
membrane. Both methods of clearing the membrane surface 
may be enhanced by the use of ultrasound or mechanical 
agitation. During use, analytes in the fluid sample are trapped 
by the membrane since the analytes are bigger than the open 
ings in the membrane. The analytes tend to be randomly 
distributed across the membrane after use. Analytes that 
occupy positions on the membrane that are between the posi 
tions of pores may be harder to remove them analytes that are 
position on or proximate to a pore in the membrane. Analytes 
that occupy positions on the membrane that is between the 
positions of pores may be more difficult to remove, since the 
force of the backwash fluid may not contact the analytes. 
During backwash and lateral wash operations, removal of 
trapped analytes may be enhanced by the use of ultrasound of 
mechanical agitation. Both methods cause the analytes to 
move across the membrane Surface, increasing the chances 
that the analyte will encounter a column of Washing fluid 
passing through one of the pores. 
An analyte detection system may be used to determine the 

presence of analytes in a fluid system. One embodiment of a 
process for determining analytes in a fluid sample is depicted 
in the flow chart of FIG. 6. Prior to the analysis of any 
samples, a background sample may be collected and ana 
lyzed. Solid analytes are typically collected and stored in a 
liquid fluid. The liquid fluid that is used to prepare the samples 
may be analyzed to determine if any analytes are present in 
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the fluid. In one embodiment, a sample of the liquid fluid used 
to collect the Solid analytes is introduced into an analyte 
detection device to determine the background “noise' con 
tributed by the fluid. Any particles collected by the membrane 
during the background collection are viewed to determine the 
level of particulate matter in the liquid fluid. In some embodi 
ments, particles collected by the membrane during the col 
lection stage may be treated with a visualization agent to 
determine if any analytes are present in the liquid fluid. The 
information collected from the background check may be 
used during the analysis of collected samples to reduce false 
positive indications. 

After collection of the background sample, the membrane 
may be cleared using either a back flush wash or a lateral 
wash, as described herein. After clearing the membrane, the 
system may be used to analyze samples for Solid analytes 
(e.g., microbes). As used herein the term “microbes’ refers to 
a variety of living organisms including bacteria, spores, 
viruses, and protozoa. As the collected sample is passed 
through the porous membrane, the porous membrane traps 
any particles that have a size that is greater than the size of the 
pores in the porous membrane. Collection of particles may be 
continued for a predetermined time, or until all of the col 
lected Sample has been passed through the membrane. 

After collection, the particles collected by the membrane 
may be analyzed using a detector. In some embodiments, the 
detector may be a camera that will capture an image of the 
membrane. For example, a detector may be a CCD camera. 
Analysis of the particles captured by the membrane may be 
performed by analyzing the size and/or shape of the particles. 
By comparing the size and/or shape of the particles captured 
by the membrane to the size and shape of known particles the 
presence of a predetermined analyte may be indicated. Alter 
natively, microbe analytes will react to a variety of visualiza 
tion agents (e.g., colored and fluorescent dyes). In one 
embodiment, the detection of microbe analytes may be aided 
by the staining of the microbe with a visualization agent. The 
visualization agent will induce a known color change or 
impart fluorescence to a microbe. In an embodiment, particles 
captured by the membrane are stained and the particles ana 
lyzed using an appropriate detector. The presence of particles 
that have the appropriate color and/or fluorescence may indi 
cate the presence of the analyte being tested. Typically, non 
microbe particles (e.g., dust) will not undergo the same color 
and/or fluorescent changes that microbes will when treated 
with the visualization agent. The visualization agent may 
include a “cocktail mixture of semi-specific dyes, which 
may be designed to mark microbes of interest. Selection of 
the mixture may be based on the capacity of the dye chro 
mophore to create an optical fingerprint that can be recog 
nized by a detector and associated imaging software as being 
associated with specific pathogenic bacteria or spores, while 
at the same time distinguishing from the signal exhibited by 
dust and other background particulate matter. 
The analysis of the particles may indicate that an analyte of 

interest is present in the sample. In this case, the particles may 
be flushed from the membrane and sent out of the system for 
further testing. Further testing may include techniques such 
as cultures or ELISA techniques that may allow more accu 
rate determination of the specific analytes present. Alterna 
tively, the particles may be sent to a sensor array, as described 
herein, for further testing. If no significant amounts of ana 
lytes are found on the membrane, the membrane may be 
washed and other samples analyzed. 

In an embodiment, user-defined threshold criteria may be 
established to indicate a probability that one or more specific 
microbes are present on the membrane. The criteria may be 
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14 
based on one or more of a variety of characteristics of the 
image. In some embodiments, the criteria may be based on 
pixel or color fingerprints established in advance for specific 
microbes. The characteristics that may be used include, but 
are not limited to, the size, shape, or color of portions of 
matter on the image, the aggregate area represented by the 
matter, or the total fluorescent intensity of the matter. In an 
embodiment, the system may implement an automated count 
ing procedure developed for one or more pathogenic and 
non-pathogenic bacteria. 

In an embodiment, the membrane system may include a 
computer system (not shown). Computer system may include 
one or more software applications executable to process a 
digital map of the image generated using detector. For 
example, a Software application available on the computer 
system may be used to compare the test image to a pre-defined 
optical fingerprint. Alternatively, a software application 
available on computer system may be used to determine if a 
count exceeds a pre-defined threshold limit. 
A detector may be used to acquire an image of the analytes 

and other particulate matter captured on a membrane. 
Microbes may collect on a membrane along with dust and 
other particulate matter and be captured in animage produced 
from a detector. The image acquired by the detector may be 
analyzed based on a pre-established criteria. A positive result 
may indicate the presence of a microbe. The test criteria may 
be based on a variety of characteristics of the image, includ 
ing, but not limited to, the size, shape, aspect ratio, or color of 
a portion or portions of the image. Applying test criteria may 
allow microbes to be distinguished from dust and other par 
ticulate matter. During analysis, the flow of sample through 
from a fluid delivery system may be continued. 

In some embodiments, a positive result may create a pre 
Sumption that the fluid contains a particular analyte. If the 
image yields a positive result with respect to the test criteria, 
a sample of the fluid may be subjected to a confirmatory or 
specific testing. On the other hand, if the image yields a 
negative result with respect to the test criteria, membrane may 
be rinsed and the preceding method may be carried out for 
fluid from another sample. 

During analyte testing a sample may be introduced into the 
analyte detection device. A trigger parameter may be mea 
Sured to determine when to introduce the visualization agent 
into the analyte detection device. Measurement of the trigger 
parameter may be continuous or may be initiated by a user. 
Alternatively, the stain may be introduced into the analyte 
detection device immediately after the sample is introduced. 

In one embodiment, the trigger parameter may be the time 
elapsed since initiation of introducing the fluid into an analyte 
detection device at a controlled flow rate. For example, the 
stain may be introduced 20 seconds after initiation of intro 
ducing the fluid sample into an analyte detection device at a 
flow rate of 1 milliliter per minute. In another embodiment, 
the trigger parameter may be the pressure drop across the 
membrane. The pressure drop across the membrane may be 
determined using a pressure transducer located on either side 
of the membrane. 

In another embodiment, the trigger parameter may be the 
autofluorescence of analytes captured by the membrane. A 
detector may be switched on until a pre-defined level of signal 
from the autofluorescence of the analytes has been reached. In 
still another embodiment, filtering software may be used to 
create a data map of the autofluorescence of the matter on the 
membrane that excludes any pixels that contain colorina blue 
or red spectral range. The data map may be used to compute 
a value for particles that are autofluorescent only in the “pure 
green” portion of the visible spectrum. 
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In some embodiments, a presumptive positive result may 
be inferred if the trigger parameter exceeds a certain value 
without applying a stain. For example, a presumptive positive 
result may be inferred where the autofluorescence value is 
more than twice the value that would indicate application of a 
stain. In Such a case, the application of a stain may be dis 
pensed with and a confirmatory test may be conducted for the 
sample. 

If the value of the trigger parameter is less than would 
indicate proceeding directly to the confirmatory test, but 
exceeds the value established to trigger the application of a 
stain, then a stain may be introduced into an analyte detection 
device. 

Collecting a sample of a fluid may include gathering a 
sample from a solid, liquid, orgas. In some embodiments, the 
sample may be derived from collecting air from a target 
environment in an aerosol form, then converting aerosol into 
a hydrosol. For example, particles from 500 liters of an air 
sample may be collected deposited into about 0.5 milliliters 
of liquid. U.S. Pat. No. 6,217,636 to McFarland, entitled 
TRANSPIRATED WALL AEROSOL COLLECTION 
SYSTEMAND METHOD,” which is incorporated herein by 
reference as if fully set forth herein, describes a system for 
collecting particulate matter from a gas flow into a liquid 
using a porous wall. 

In one embodiment, a system as described above, may be 
used to determine the presence of anthrax spores or bacteria. 
Collection of air samples in a potentially contaminated area 
may be concentrated in a fluid sample using an aerosol col 
lector. The fluid sample may be passed through a membrane 
based detector system as described herein. The membrane 
based detection system may collect any particle collected by 
the aerosol collector. The particles collected may be treated 
with a visualization agent that includes stains that are specific 
for anthrax bacteria. Such visualization agents are know to 
one of ordinary skill in the art. The presence of particles that 
exhibit the appropriate color/fluorescence may indicate that 
anthrax is presence. The indication of anthrax may be further 
determined by additional confirmation testing. 

EXPERIMENTAL 

Flow Cell 

The flow cell assembly was created from a 3-piece stainless 
steel cell holder consisting of a base, a Support and a screw-on 
cap. Two circular polymethylmethacrylate (PMMA) inserts 
house the NUCLEPORE(R) membrane. These two PMMA 
inserts have been drilled along their edge and side to allow for 
passage of the fluid to and from the chip through stainless 
steel tubing (#304-H-19.5, Microgroup, Medway, Mass.). 
The tubes, which were fixed with epoxy glue in the drilled 
PMMA inserts had an outer diameter of 0.039" (19.5 gauge), 
and a 0.0255-0.0285" inner-diameter. The basic components 
of the flow cell are two disc-shaped PMMA “inserts”. The 
bottom PMMA insert is modified in order to feature a drain 
and to contain a plastic screen disc (Celcon acrylic) that acts 
as a support for the filter. Each insert features a length of 
stainless steel tubing, which enters a hole in the side of the 
PMMA disk. The top insert also features an additional outlet 
which is used when regeneration of the filter is needed. Sili 
cone tubing is Snapped on the stainless steel tubing, and as 
Such is readily compatible with a wide range of fluidic acces 
sories (i.e., pumps, valves, etc.) and solvents. The flow cell 
was shown to be resistant to leaks and pressures generated by 
flow rates as high as 20 mL/min. 
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Fluid Delivery, Optical Instrumentation and Software 
The complete analysis system shown in FIGS. 3, 4, and 5 

includes a fluidics system composed of four peristaltic pumps 
(p. p. ps, and p), dedicated to the delivery of the analyte 
collected from the air, antibody, wash buffer to the flow cell, 
and clean-up off the flow cell in the regeneration mode. Its 
integrated software was used to assure fluid delivery to the 
chip, and accommodate wash cycles through the proper use of 
valves. The sample, antibody, PBS, and regeneration lines are 
also filtered (pre-filters f. f. f. and f) to screen out large 
particulate matter. Pre-filter f is a NUCLEPORE(R) mem 
brane with a pore size of 5um. Pre-filters f. f. f. f. are 0.4 
um NUCLEPORE(R) membranes. Spores which size is 
Smaller than the pores of pre-filter fare passed through the 
filter and captured in the analysis flow cell, positioned on the 
motorized stage of a modified compound BX2 Olympus 
microscope. The microscope is equipped with various objec 
tives, optical filters, and a charged-coupled device (CCD) 
camera which operation can be automated. 
A Mercury lamp was used as the light Source. Fluorescence 

images shown in this report were obtained with a FITC filter 
cube (fluoroisothiocyanate, 480 nm excitation, 505 long pass 
beam splitter dichroic mirror, and 535+25 nm emission), and 
captured by a DVC 1312C (Digital Video Company, Austin, 
Tex.) charge-coupled device (CCD) mounted on the micro 
scope and interfaced to Image Pro Plus 4.0 software (Media 
Cybernetics). Areas of interest of the images of the array for 
were selected in an automated fashion and used to extract 
numerical values of the red, green, and blue (RGB) pixel 
intensities. 
Reagents 

Phosphate buffer saline (PBS), pH 7.4, was purchased 
from Pierce (# 28374, 0.008MNaPO, 0.14MNaCl, 0.01M 
KCl). The content of the pre-weighted pack was dissolved in 
500 mL dI water. After complete dissolution, the buffer solu 
tion was filtered using a 60 mL disposable Syringe (Becton 
Dickinson #309654) and a 0.2 mm pore size syringe filter 
(Whatman 25 mm, 0.2 mm Polyethersulfone (PES) filters 
#6896-2502). Polyoxyethylene-Sorbitan Monolaurate 
(Tween-20) and Bovine Serum Albumine (BSA) were pur 
chased from Sigma (il P-1379, and # A-0281). The anti-bg 
antibody was generously given to us by Tetracore, and tagged 
with a fluorophore. The naked Antibody was labeled accord 
ing to the protocol described in the ALEXA FLUOR.R. 488 
Protein labeling kit from Molecular Probes (now Invitrogen; 
Eugene, Oreg.) (# A-10235), and stored at 4°C. The final 
concentration of the labeled anti-bg was 0.5 mg/mL. When 
prepared for the assay the antibody was diluted 50 times in a 
filtered (3 mL Disposable Syringes from Becton Dickinson it 
309574; Syringe Filters from Pall Gelman 13 mm, 0.2 pum 
Acrodisc CR Polytetrafluoroethylene PTFE #4423) solution 
of 1% BSA/PBS (0.01 g of BSA per mL of PBS). The spore 
preparations were given to us by Edgewood/Dugway Proving 
Grounds. For their evaluation, the spores were membered 
onto Petri dishes and grown with Luria Bertani plating 
medium. The medium is composed of Bacto Tryptone, Bacto 
Yeast Extract, Agar Technical purchased from Difco (it 
211705, it 212750, it 28.1230 respectively), and NaCl pur 
chased from EM (it SX0420-1). Distilled Water, de-ionized 
with a Bamstead Nanopure Column was autoclaved for 30 
min. at 121° C. to sterilize it. 
Polymer Microsphere Solutions 
The fluorescent polymer green microspheres were pur 

chased from Duke Scientific Corporation (Palo Alto, Calif.). 
A beadstock solution was prepared by diluting several drops 
of the original bead solution in 500 mL of DI water. A bright 
line counting chamber, or hemacytometer (Hausser Scien 
tific, Horsham, Pa.) was used to determine the exact concen 
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tration of this solution. The concentration of a solution is 
typically obtained from the average of several measurements 
following a well established protocol. The concentration of 
our stock solution was found to be 1,883,750 beads/mLi8539 
or a relative standard deviation of 0.45%. For the solutions 
used in FIG. 3 and FIG. 4, we used a 1 to 50 dilution of the 
stock solution, and added 50LL, 100 L, 150 uL., 200SL, and 
25 pil of that solution to the same flow cell, and captured 
images at different magnifications. 
Bg Spore Solutions Preparation 
A 1 mg/mL spore stock solution (A) was prepared insterile 

water by Suspending X mg of spores in X mL of sterile water. 
Solutions B, C, D, E, F, G, H and I with respective concen 
trations of 10e-1, 10e-2, 10e-3, 10e-4, 10e-5, 10e-6, 10e-7, 
and 10e-8 mg/mL were obtained by serial dilution of the stock 
Solution A. 
Bg Spore Solutions Characterization 
The concentration of spores per mg of preparation was 

evaluated by growing colonies in a Luria Bertani culture 
media and expressed in Colonies Formation Unit (CFU) per 
mg of spore. 15 g of Bacto Tryptone, 7.5 g of Bacto Yeast 
Extract and 15 g of NaCl were dissolved in 1.5 L of sterile 
water. The pH was adjusted to 7.6 (Fisher Accumet pH meter 
620) using a 0.1N NaOH solution. 22.5 g of Agar technical 
were then added to the preparation. The solution was heated 
in a microwave to allow completed dissolution and auto 
claved for 30 min. at 121° C. After cooling, the media was 
poured in disposable sterile culture members (Fisherbrand 
#08-757-12). The members were left until the media had 
totally solidified and then wrapped with Parafilm for storage. 

The number of CFU per mg of the Bg spore Preparation 
was evaluated as follows: 100 uL of solutions A to I were 
grown in the culture media at 37° C. for 24 hrs. After incu 
bation, colonies had grown enough to be counted. Only mem 
bers with a statistical number of colonies (between 30 and 
300) were used to calculate the number of CFU per mg of 
spore preparation. Solutions A to E had too numerous counts 
(TNC) and solution Hand I had not enough counts (under 30). 
In addition, Sterile water was also used as a negative control 
and gave 0 CFU. The average concentration was determined 
from the remaining members as 3x10 CFU/mg of spore 
preparation. 
Assay Optimization 
The specificity of the Tetracore antibody for Bg spores was 

confirmed first by in-tube reactions and Subsequent evalua 
tion with fluorescence microscopy of stained spores on glass 
slides. The same antibody was then employed for the detec 
tion of Bg spores captured on the filter membrane of our 
system. A series of tests were performed in order to identify 
those conditions resulting in the highest signal to noise ratio 
for this on-line assay. Parameters evaluated included: a) the 
effect of pre-treating the system's tubing and filter membrane 
with BSA (i.e. blocking of non-specific binding sites for the 
detecting antibody), b) varying the rate (i.e. flow rate) of 
antibody introduction to the flow cell, c) varying the antibody 
concentration, d) varying the incubation time of the antibody 
with Bg spores, e) identifying the optimal exposure time for 
image capture, and f) comparison of unidirectional mode of 
antibody flow to the cell versus re-circulation. Our studies 
revealed that blocking the system's tubing and the flow cells 
filter membrane with BSA offered no significant advantage 
for the assay in terms of reducing the non-specific signal. 
Nonetheless, we found that when 1% BSA was included in 
the antibody Solution, the Bg-specific signal was enhanced, 
resulting in a higher signal to noise ratio and, therefore, a 
more sensitive assay. An incubation time of Bg spores for five 
minutes with 1.5 mL of Bg-specific antibody at 10 g/mL, 
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which was introduced in the flow cell in unidirectional mode 
(i.e. in to flow cell and out to waste) at 0.3 mL/min were 
identified as the optimal conditions for the assay. 
Our studies also showed that re-circulation of the antibody 

did not offer any advantage in terms of shortening the assay 
time or decreasing its detection limit. Even though Such an 
approach could potentially reduce the amount of antibody 
utilized in the assay, we decided against it because prolonged 
re-circulation of the antibody was associated with its precipi 
tation. As expected, precipitated antibody could be captured 
by the membrane and thus result in an increase of the non 
specific signal. On the contrary, there was very little precipi 
tation of the detecting antibody when delivered in unidirec 
tional mode. We equipped the system with a 0.4 um pre-filter, 
which prevented any precipitated antibody from reaching the 
analysis flow cell. This approach resulted in a much cleaner 
assay. 

Finally, we determined that the appropriate exposure time 
for capturing the final images for this assay was 184 ms. This 
exposure time was such that it produced the strongest Bg 
specific signal and the weakest background, non-specific sig 
nal resulting from contaminants such as dust, irrelevant 
unstained bacteria and fluorescent paper fibers that could 
potentially be found in the system. 
Dose Response Curve 
To establish the standard curve, the spore solutions were 

prepared in a similar fashion as described previously with 
PBS instead of sterile water. Briefly, a 1 mg/mL (or 3x10 
CFU/mL) spore stock Solution A was prepared by Suspending 
1 mg of spores in 1 mL of PBS. Solutions B, C, D, E, F and G 
were obtained from stock solution Aby serial dilution, result 
ing in concentrations of 3x10, 3x107, 3x10, 3x10, 3x10, 
3x10, 3x10 CFU/mL respectively for solutions A, B, C, D, 
E, F, and G. These concentrations cover the range from 1 
ng/mL to 1 mg/mL. For each solution, an assay was con 
ducted through execution of the following steps. The solution 
is introduced through pump 1 for 60s at a flow rate of 1 
mL/min, and followed by a 60s PBS wash through pump 2 
with the same flow rate. The antibody is then slowly (0.3 
mL/min) passed through pump 3 to the flow cell. A final 90s 
wash ensures the removal of any unbound or non-specifically 
attached antibody. The background signal was evaluated 
through five independent measurements of the signal 
obtained from the passage of antibody in five different spore 
free flow cells. The limit of detection was chosen as 3 times 
the standard deviation obtained from the average of these five 
measurements. The calibration curve was built from the mea 
surement of four different spore solutions accounting for 900, 
3000, 9000, and 30000 spores. A fluorescent micrograph of 
the signal remaining after the final wash was recorded and the 
signal expressed as the density of green intensity per pixel. 
The average green density per pixel was plotted as a function 
of spore count determining a limit of detection of 900 spores. 
Electron Microscopy 

Correlative light and electron microscopy was accom 
plished by placing a 5 uL aliquot of antibody-stained spores 
on a Formvar-coated TEM grid (Maxtaform H2 finder grids, 
Ted Pella, Inc). Due to the thick walls of the spores, it was 
possible to avoid more complex dehydration regimens and 
simply allow the spore Suspension to air dry. After a Suitable 
area was located and photographed with fluorescence micros 
copy, the grid was placed in a Philips 420 TEM and the same 
grid square was photographed. The grid was then affixed to an 
aluminum stub with carbon tape and sputter-coated with gold 
palladium. Using a Leo 1530 SEM, images were captured 
from the area of interest. 
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Bead Tests 
In order to determine the functionality as well as the ana 

lytical validity of our system, we tested our integrated system 
with 2.3 um and 1 um fluorescent polymer microspheres 
(purchased from Duke Scientific Corporation). The size of 
these particles was chosen to best simulate populations of 
spores and bacteria. The calibration curves displaying the 
average density per pixel as a function of added Volume are 
shown in FIG. 7. Examination of these graphs reveals that the 
linearity of the detected response is not affected by the mag 
nification. However, as expected, the slope of the regression 
lines increases with increasing magnification as the signal 
from the beads is brighter at high magnification. Many fac 
tors. Such as the size and brightness of the bacteria or spores, 
the total area of the membrane exposed to the analyte, the field 
of view, dictate the experimental parameters to be used. 
Because they are very homogeneous in size and intensity, 
polymeric beads represent an ideal calibrator and simulant for 
spores. However, the actual size of spores is slightly smaller 
than that of the beads that were used, and the signal produced 
from a single spore-antibody-fluorophore complex is much 
less intense than that of the microspheres. Additionally, flu 
idics concerns prevent us from using too small a filter area, 
because the internal pressure is greatly raised as the fluid is 
forced through a dramatically reduced number of pores. 
Because the magnification does not change the linearity of the 
calibration curves as shown in FIG. 7, and in order to accom 
modate a sustained flow through the flow cell, an objective of 
5x, for a total magnification of 100x was chosen for the assay. 
Spores and Bacteria 
To illustrate the capabilities of our detection system, we 

targeted Bacillus globigii (Bg), a commonly used non-patho 
genic simulant for Bacillus anthracia (Ba). An immuno-assay 
was created, based on the capture of Bg spores and their 
interaction with a Bg-specific antibody resulting in the for 
mation of an immuno-complex. The effect of possible inter 
ferences in the assay was also tested with a variety of species 
Such as yeast, talc powder, and other species of Bacillus as 
will be discussed later in this report. In FIG. 5 is shown a 
fluorescent micrograph of Bg spores stained with an ALEXA 
FLUOR(R) 488-labeled anti-Bacillus globigii antibody. The 
schematic of the immuno-complex is shown in the inset. In 
order to demonstrate the specificity of the interaction of the 
anti-Bg antibody with the Bg spores, we conducted some 
correlation studies between the fluorescence micrographs and 
the images obtained from transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM). An aliquot 
of immuno-labeled Bg was placed on a Formvar-coated TEM 
finder grid, and epifluorescence micrographs were obtained 
at various magnifications. The grids were then imaged with 
transmission electron microscopy (TEM), after which they 
were coated with gold palladium and imaged with scanning 
electron microscopy (SEM). As illustrated by the correspon 
dence of the fluorescence signal with the position of the 
spores, the finder grid made it possible to unequivocally 
locate the same area in each instrument, clearly indicating 
that the fluorescence signal arises from the ALEXA 
FLUOR(R) 488-tagged antibody that is specifically binding to 
the Bg spores. Fluorescence micrographs obtained at a total 
magnification of s400x are shown in order to better represent 
this correlation. However, the correlation of the fluorescence 
signal from spores with TEM or SEM micrographs is also 
established with magnification as low as s 100x. 

To determine the limit of detection of our system, we 
conducted a dose-dependence study. Solutions of spores were 
prepared by serial dilution of a stock spore solution, presum 
ing that 1 mg of dry spores per mL yields 10° spores per mL. 
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Following the flow cell experiments, aliquots of the spore 
Solutions were analyzed to determine the exact spore concen 
tration in terms of colony forming units per mL (CFU). The 
background was determined as the signal obtained after pas 
sage of the antibody through a blank filter and Subsequent 
rinsing with PBS. In order to assess the limit of detection, the 
standard deviation was calculated from the average of 5 such 
measurements of the background. The limit of detection was 
established to be 900 spores. 
As the internal volume of the flow cell is very small, it is 

necessary to flush out all contaminants in order to avoid 
clogging of the membrane filter. Of particular importance for 
these studies is the control of dust, commonly and abundantly 
found in the postal environment. SEM studies (not shown) 
have demonstrated that the dust produced through transport, 
manipulation, and processing of postal mail, contains fibers, 
debris, and various kinds of bacteria. Most significantly, dust 
contains a large number of particles with a wide size distri 
bution encompassing the size range of the biological agents of 
interest. Furthermore, many of the dust components exhibit 
autofluorescence, due to the use of fluorescent brighteners 
and inks in the paper and document industries. Many of the 
trigger systems currently used in military type detectors 
repose on size selection principles Such as Aerodynamic Par 
ticle Sizing (APS) or Flow Cytometry (FC), and for the rea 
Sons exposed previously, do not appear as the ideal trigger 
systems. Our System was tested in a blind study against trig 
gering by yeast, talc, and powdered detergents. The rate of 
Success was 100% as no false positive was generated. Another 
major potential problem arising from accumulation of dust in 
our system is clogging of the NUCLEPORE(R) membrane. We 
have conducted studies which showed that failure of the flow 
cell operation occurs only after 60 mg of dust are passed 
through, building a pressure greater than 60 psi, correspond 
ing to 400 hours of postal operation, assuming that the con 
centration of dust reaching the flow cell is an average 6.2 
ug/L. However, this result is widely dependent on the effi 
ciency of the aerosol system and it is based on the assumption 
that the aerosol collection system has a built-in capability of 
discarding at least 95% of dust particles of 10um or higher. In 
these conditions, even though the accumulation of dust in the 
flow cell is inevitable in the long run, the device still exhibits 
a lifetime well above that desired for military applications. 
Additionally, we have shown that it is possible to regenerate 
the flow cell and extend its lifetime by flushing out up to 99% 
of the dust, spores, or debris accumulated on the filter. This 
function can easily be implemented through the use of an 
additional outlet within the top insert of the flow cell, and 
implementation of an automated flush protocol. A combined 
method of sonication, backflow, and lateral flow is used to 
eliminate unwanted material from the membrane. This allows 
for extended operation of the detection system without the 
attention of a technician. The removal of spore-sized (0.93 
um) fluorescent polymer microspheres from the membrane 
Surface during five consecutive trials was performed. Surface 
plots in column i represents the initial loading of the mem 
brane in the flow cell. Efficiencies of 95%, 98%, 99%, 99%, 
99% is reached, respectively, for the five trials. 
Pixel Analysis Methods for Detection of Microbes 

In Some embodiments, pixel analysis methods may be used 
in the analysis of an image of a fluid or captured matter. For 
example, pixel analysis may be used to discriminate microbes 
from dust and other particulate matter captured on a mem 
brane. Pixel analysis may include analyzing characteristics of 
an image to determine whether a microbe is present in the 
imaged fluid. 
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Pixel analysis may be based on characteristics including, 
but not limited to, the size, shape, color, and intensity ratios of 
an image or portions of an image. As an example, the total 
area that emits light in an image may be used to conduct 
analysis. As another example, the green fluorescent intensity 
of an image may be used to conduct analysis. In an embodi 
ment, an “optical fingerprint” for a specific microbe or set of 
microbes may be established for use in pixel analysis. In some 
embodiments, pixel analysis may be based on ratios between 
values, such as an aspect ratio of an element of matter cap 
tured on an image. In other embodiments, pixel analysis may 
be based on threshold values. 

During use, a visualization agent may cause different par 
ticles to emit different wavelengths of light depending on the 
nature of the particle. When the particles are analyzed with a 
camera, a user may be able to determine ifa particular analyte 
is present based on the color of the particle. For example, a 
green particle may indicate the presence of an analyte of 
interest. Any other colored particles may not be of interest to 
a user. While a person may be able to discern between colors, 
it is desirable for a computer system to also be able to discern 
different colors from a membrane sample. Many detectors 
can only discern specific colors when analyzing an image. For 
example, many CCD detectors can only discern red, blue and 
green colors. Thus, a CCD detector may not be able to discern 
the difference between a particle that emits both blue and 
green light and a particle that just emits green light, although 
the color difference may be apparent to a person using the 
system. To overcome this problem a method of Subtracting 
out particles having the “wrong color may be used. 

In some embodiments, pixels of an image that do not fall 
within a color range specified by a user may be discarded 
from the image. In one embodiment, a fluid may be stained to 
cause a microbe of interest to emit light in only the green 
portion of the visible spectrum. By contrast, dust and other 
particles contained in the fluid may emit light in combinations 
of green, blue, and red portions of the visible spectrum in the 
presence of the stain. To isolate the portion of the image that 
represents only the microbe of interest, binary masks may be 
created to eliminate light emissions caused by non-microbial 
matter from the image. 

Such a method is depicted in FIGS. 8A-F. FIG. 8A shows 
an image of all particles captured by a membrane. For pur 
poses of this example, particles 500, having the no fill pattern, 
exhibit agreen color, particles having a fill patternidentical to 
the fill pattern of particle 510 have a red color; particles 
having the a fill pattern identical to the fill pattern of particle 
520 have both green and blue light absorption; particles hav 
ing a fill pattern identical to the fill pattern of particle 530 have 
both red and blue light absorption; and particles having a fill 
pattern identical to the fill pattern of particle 540 have a blue 
color. It should be understood that these colorassignments are 
for illustrative purposes only. In the current example, the goal 
of the analysis is to find all of the green particles. 
One method of finding the green particles is to use a filter 

that will allow only particles that are green are shown. FIG. 
8B depict the particles that would remain if such a filter is 
used. All of the particles shown in FIG. 8B have a green light 
absorption, however, not all of the particles that are depicted 
in FIG. 8B would exhibit a green color only. Particles 520 
absorb both green and blue light. Since the detector can't 
differentiate between the two types of particles, a false posi 
tive may result. 

To compensate for this phenomena, images of particles that 
absorb blue and red are also analyzed using appropriate fil 
ters. By creating masks of which particles exhibit blue and red 
absorption, a process of elimination may be used to determine 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
how many green particles are present. In an embodiment, an 
image is then captured of only the particles that exhibit color 
in the red portion of the spectrum (See FIG. 8C). The image of 
“red particles is used to create a mask that may be compared 
to the full spectrum view of the particles. Since the analytes of 
interest only exhibit color in the green portion of the spec 
trum, any particle with color in the red portion of the spectrum 
may be removed from the original image. FIG. 8D shows the 
original image but with the particles that appear in the red 
portion of the spectrum subtracted from the image. The 
remaining particles are potential particles that may be the 
analyte of interest. 

In a second iteration, FIG. 8E shows a binary mask that 
may be used to mask any pixels that include a blue compo 
nent. An image is captured of only the particles that exhibit 
color in the blue portion of the spectrum (See FIG. 8E). The 
image of “blue' particles is used to create a mask that may be 
compared to the full spectrum view of the particles. Since the 
analytes of interest only exhibit color in the green portion of 
the spectrum, any particle with color in the blue portion of the 
spectrum may be removed from the original image. FIG. 8F 
shows the original image but with the red binary mask and 
bluebinary mask applied so that pixels including a red or blue 
component are excluded. The particles that remain in the 
image are thus particles that only exhibit a green color. Thus, 
the method may be used to produce an image that includes 
only “pure green” pixels. Such an image may be analyzed to 
detect the presence of a microbe by eliminating particles that 
are not relevant. It should be understood that while the above 
recited example is directed to determining the presence of 
green particles it should be understood that the process can be 
modified to determine blue particles only, red particles only, 
or particles that exhibit combinations of colors (e.g., red and 
blue, red and green, blue and green, or red, blue and green). 

In some embodiments, pixel analysis may be used in com 
bination with the membrane method for detecting a microbe 
described herein. Pixel analysis may be conducted either 
before or after the application of a stain. In an embodiment, 
pixel analysis may be used to determine when to apply a stain. 

After an analyte of interest is detected using a membrane 
based detection device further testing may be performed to 
identify the analyte. In one example, the particles captured by 
the membrane may be transferred to a sensor array as 
described in any of the patents and patent applications previ 
ously listed. 

FIG. 9 depicts a system in which a particle sensor array 
detector 600 is coupled to a membrane analyte detection 
device 100. Membrane based analyte detection device may be 
part of an analyte detection system as previously described. 
After a sample is passed through a membrane, the particles 
collected by the membrane may be subjected to an additional 
test to further identify the analytes. In one embodiment, the 
analytes may be washed from the Surface o the membrane and 
transferred to a sensor based analyte detection system, as 
described in any of the previously referenced patent applica 
tions. The analytes extracted from the sample may react with 
beads that are placed in a sensor array. The reaction of the 
analytes with the sensor array beads may allow confirmation 
(or further identification) of the analytes. Methods of detect 
ing microbes using a sensor array System are described in 
further detail in the above-referenced patent applications. 
Many microbes may not react with a bead of a sensor array. 

Large microbes may be unable to make proper contact with 
the bead and therefore are not detected by the bead. In one 
embodiment, the microbes are subjected to a treatment that 
allows better detection by a bead based detection system. In 
one embodiment, the particles may be subjected to lysis con 
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ditions. Lysis of microbes will cause the disintegration or 
dissolution of the microbe. For bacteria, lysis may be induced 
by treatment with an alkali base or by use of enzymes. Lysis 
of the bacteria allows portions of the material contained by 
the bacteria to be released and analyzed. Typically, either 
proteins or nucleic acids released from the bacteria may be 
analyzed. 

Microbes Such as bacteria, spores, and protozoa in a fluid 
may be captured in the macropores of the beads. In some 
embodiments, receptors, including, but not limited to, selec 
tive antibodies or semi-selective ligands such as lectins, may 
be coupled to a particle in an internal pore region of the 
particle to create a selective bead. Suitable receptors may be 
selected using the methods described herein. In some 
embodiments, a visualization antibody may be introduced 
that may couple with the captured analyte. The visual anti 
body may yield a colorimetric or fluorescence signature that 
can be recorded by the CCD detector. In some embodiments, 
a series of selective and semi-selective beads may be used in 
conjunction with the sensor array system described herein. 

In an embodiment, an agent that is known to bind or inter 
act with a microbe may be introduced into a fluid prior to the 
time that the microbes are placed in proximity with a sensor 
array. Such agents may have characteristics that facilitate 
capture of a microbe by a particle in the sensor array. 
Macroporous Particles 

In an embodiment, a particle having macropores may be 
formed of agarose. A depiction of such a particle is shown in 
FIG. 10. A particle may be in the form of a spherical bead. The 
particle may include a plurality of macropores on its Surface 
and interior. 

In an embodiment, agarose may be used as a starting mate 
rial for a macroporous particle because it is biocompatible 
and may be capable of interacting with biomolecules and 
living organisms. Activated agarose may demonstrate an 
affinity interaction with bacteria and microorganisms. To 
facilitate this interaction, specific properties on particles may 
be used to target specific microorganisms or cells. Processed 
agarose, in which sulfate groups have been eliminated from 
the agarose chain, may consist of an uncharged hydrophilic 
matrix with primary and secondary alcohols that can be used 
for activation and attachment. For example, the chemical 
Surface of particles may be modified by oxidizing adjacent 
diols into aldehyde groups. Using sodium meta-periodate 
(NaIO) aliphatic aldehydes may be obtained that can be used 
in reductive amination coupling procedures. 

In an embodiment, macroporous particles may be formed 
by Suspension polymerization using a gel. Size, shape, and 
uniformity of the particle may depend on the hydrophilic or 
hydrophobic additives used to stabilize the emulsion. Pore 
size may be determined by agarose concentration of the gel. 
Mechanical properties, such as gel strength, may be affected 
by the molecular weight of the agarose. In one embodiment, 
Suspension polymerization may be accomplished using a 
biphasic system containing the agarose monomer and emul 
sion stabilizers. A dispersion of a hydrophilic emulsifier(such 
as TWEEN 85) in cyclohexane may be added to a stirring 
aqueous solution of agarose at 60°C. for 5 minto produce an 
oil-in-water emulsion. Fine particles of agarose stabilized by 
the emulsifier may be formed in this step. Next, a solution of 
a hydrophobic emulsifier (such as SPAN 85) may be added to 
the first emulsion forming a water-in-oil emulsion. After 
wards, the water-in-emulsion may be cooled to room tem 
perature. Polymeric particles may appear at about 40°C. The 
aggregation of droplets, which may be referred to as floccu 
lation, may form a matrix with oil droplets that will form 
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pores or conduits in the beads. The particles may be washed 
with distilled water and alcohol, sized with industrial sieves, 
and preserved in water. 

Emulsifiers added to the hydrophilic and/or hydrophilic 
phases and the concentration of the agarose solution may 
influence the quality of the beads. Additionally, mixing speed, 
nature of the agitation, and temperature during the prepara 
tion process may be important. The stability of the solutions 
may depend on the selected emulsifiers and the solvents used. 
A particle may be of a substantially spherical shape. Par 

ticles with spherical geometry may enhance the available area 
for Surface interaction with the analytes. Creating pores 
within the particles may also increase Surface area. Particles 
may have large connecting flow pores in addition to normal 
diffusion pores. A macroporous particle may have improved 
mass transfer properties compared to a non-macroporous par 
ticle. 
A particle may have a diameter of between about 250-300 

microns. Macropores in a particle may be less than about 1 
micron. Different pore sizes and shapes may allow for the 
entrapment and detection of a variety of analytes, including, 
but not limited to, cells, bacteria, DNA oligomers, proteins/ 
antibodies, and Small molecules. 
An alternative process to suspension polymerization may 

be the use of a foaming agent to vary the porosity of the 
particles. For example, the decomposition of azides or car 
bonates during polymerization may allow incorporation of 
nitrogen or carbon dioxide “bubbles' into the particles. 
Because the gelling point for agarose is 40°C., the decom 
position reaction should be performed at low temperatures. 

Another alternative to Suspension polymerization may be 
the use of molecular imprinting. The imprinting of particles 
may occur by non-covalent and covalent methods. Non-co 
Valent imprinting may be based on non-covalent interactions 
such hydrogen bonds, ionic bonds, and Van der Waals forces 
between functional monomerand a temmember. The stability 
of the monomer-temmember complex prior to polymeriza 
tion may depend on the affinity constants between the tem 
member and the functional monomers. In the covalent 
method, the bonds formed between the functional monomer 
and the temmember may be cleaved once the polymerized 
matrix is obtained. 

Within the covalent and non-covalent based approaches, 
there may be different methods for making molecular 
imprinted polymers. One approach may involve grinding the 
imprinted polymer to reduce their size to approximately 25 
um and expose the imprinted Surfaces. Another technique, 
which may be referred to as surface temmember polymer 
ization, uses water and oil. In this technique, the water 
soluble temmember may interact with the functional mono 
mer at the water-oil interface. The complex monomer 
temmember in the organic phase may be polymerized 
yielding a polymer-imprinted Surface. This technique may 
allow the imprinting of water-soluble substances like zinc 
ions. 

Other methodologies for imprinting polymers may be suit 
able. Molecular imprinting on microgel spheres may be a 
convenient procedure for imprinting agarose because the 
imprinted gel does not need to be reduced in size by grinding 
as in conventional molecular imprinting. Discrete imprinted 
microgels and imprinted microspheres may be synthesized by 
cross-linking polymerization of the monomer in the presence 
of the temmember, a process known as “precipitation poly 
merization.” 

Surface temmember polymerization and precipitation 
polymerization may be suitable alternative techniques to 
chemical Surface modification of regular particles. Both tech 
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niques may be Suitable for imprinting agarose with Such 
temmembers as bacterial spores. A chromatography column 
mounted with imprinted beads may be a fast method for 
evaluating the efficacy of the imprinted beads. For example, 
bacteria may be re-bound, exposed to the fluorescent cal 
cium-sensitive indicator known as calcein, and detected by 
fluorescence spectroscopy. 

Molecular imprinting may allow the exploitation of organ 
isms as reactors. The pores in the particle may facilitate 
feeding of entrapped microorganism reactants and cause 
them to produce a desired product. Molecular imprinting may 
be used for encapsulating bacteria Such as the Rhizobium 
organisms into agarose. These bacteria may convert nitrogen 
from the atmosphere into ammonia. By “feeding these bac 
teria nitrogen, ammonia may be produced. The pores encap 
Sulating the bacteria may retain an imprint of the organism for 
morphologic studies of the bacteria's Surface. 

High-performance liquid chromatography and fluorescent 
assays may be a valuable tool for studying the molecularly 
imprinted polymers. The fluorescent dye acridine orange may 
stainagarose beads so they may be morphologically analyzed 
with confocal scanning laser microscopy. Other morphologi 
cal studies include atomic force microscopy, Scanning elec 
tron microscopy, and microtome techniques. Characteriza 
tion of the surface area of the beads may be achieved by 
measuring the adsorption isotherm and using the Brunauer, 
Emmet, and Teller equation. 

In some embodiments, the Surface of a particle may be 
chemically modified. In other embodiments, chemical func 
tionality, including, but not limited to non-specific (i.e., func 
tional groups) and highly specific (i.e., bio-ligands such as 
antibodies) may be localized into the confines of the pore 
region. Chemical functionality may facilitate the entrapment 
of a variety of analytes. 

In an embodiment, a particle may include a receptor that 
includes a particular metal. The metal may be capable of 
binding a material that is characteristic of aparticular analyte. 
For example, a particle may be formed that includes terbium 
(III). Terbium (III) forms a luminescent complex with dipi 
colinic acid, a Substance unique to spores. 

Example 

Macroporous beads were prepared using the method for 
biphasic Suspension polymerization method described 
herein. The beads so obtained were analyzed using light and 
fluorescence microscopy. The transparency of the agarose 
beads permitted the visualization of the fluorescent beads in 
different sections of the agarose beads. The presence of pores 
was confirmed by adding 1 um fluorescent beads. Using light 
and fluorescence microscopy, the presence of conduits could 
not be conclusively determined. The beads accumulated into 
voids present in the bead, probably the ends of conduits. 

Experiments were initially performed using Merck's 
Omnipure agarose powder. Low yields of non-spherical par 
ticles ranging between 250 and 300 um were obtained. 
Experiments performed with an exaggerated amount of the 
hydrophilic emulsifier, 3.5 mL span 85 resulted in beads 
without pores but with a rough surface. By reducing the 
amount of the hydrophobic emulsifier, massive gellation due 
to the poor stabilization of the agarose particles in the oil in 
water emulsion occurred. 
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TABLE 1 

Effect of the stirring speed on the 
fabrication of porous agarose beads 

Agarose aqueous solution concentration 4% (w/v), 
ofw emulsion: 0.7 mL tween 80/10 mL cyclohexane 
WIO emulsion: 7 mL Span 85.75 mL cyclohexane 

Stirring speed 
with a magnetic Fluorescence and Apparent Efficiency Size 

stirrer light microscopy porosity 250-300 m 

10 With oil inclusions. A few Less than 10% 
regular integrity 

9 Medium integrity None About 10% 
8 Better integrity A few but About 10% 

more than 
stir at 10 

The effect of stirring speed has been briefly evaluated. With 
higher stirring speeds the integrity of the beads was poor. 
Smaller particles are expected to be the result of faster stirring 
speeds, but exposure to higher physical stress only results in 
the disintegration of the beads. Trials performed under the 
same conditions using Sigma agarose gave similar results to 
Merck agarose, but with slightly higher yields around 20%. 
The integrity of the beads improved slightly suggesting better 
mechanical properties Such as gel strength. 

Experiments for producing homogeneous particles were 
performed using agarose obtained from Merck at a constant 
concentration of agarose solution and stirring. The results are 
shown in Table 2. 

TABLE 2 

Effect of the emulsifier on the fabrication 
of homogeneous agarose beads 

Agarose aqueous solution concentration 4% (w/v), 
ofw emulsion: 0.7 mL tween 80/10 mL cyclohexane 
Wo emulsion: 7 mL Span 85.75 mL cyclohexane 

Stirring speed 
with a magnetic 

stirrer 
Fluorescence and 
light microscopy 

Efficiency Size 
250-300 m 

10 Opaque beads About 10% 
10 Regular integrity About 10% 
10 Bad integrity Less than 10% 

Excessive stabilization of the water in oil emulsion causes 
reduced flocculation and increases the formation of fines 
resulting in a lower yield. Performing the same experiment 
with a fixed stirrer speed of 8 (Corning stirrer/hot member, 
model #PC420) slightly increased the yield. Magnetic stir 
ring may not be appropriate for viscous solutions or the foam 
obtained during emulsification (creaming). 
Bead Selection Techniques 

Sensor arrays that use beads (either non-porous or porous) 
can be used to determine the presence of a variety of analytes. 
Typically, the beads include a receptor that binds to an ana 
lyte. The receptor may also bind to an indicator. The indicator 
typically produces a signal in the presence of an analyte that 
is different from a signal produced in the absence of an 
analyte. The selection of beads for use with a particular ana 
lyte may be important to the Success of the sensor array. In 
general, a bead should have a high affinity for the analyte and 
produce an easily detectable signal. A method is described 
herein which may be used to determine an optimal receptor 
for a given analyte and indicator. 
One method used to determine the presence of an analyte is 

a displacement assay. In a displacement assay a bead that 
includes a receptor is preloaded with an indicator. The indi 
cator interacts (e.g., is bound to) the receptor Such that the 
bead appears to have a specific color or fluorescence due to 
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the indicator. When a solution that includes an analyte is 
brought into contact with the bead, the analyte may displace 
the indicator from the receptor. This displacement may cause 
a loss of color or fluorescence of the bead since the indicator 
is no longer associated with the bead. By measuring the loss 
of color or fluorescence of the bead, the presence of an analyte 
may be determined. The Success of Such an assay for deter 
mining the presence of an analyte is dependent, in part, on the 
interaction of the receptor with the analyte and the indicator. 
Generally, the bead should show a maximum color and fluo 
rescence when an indicator is bound to the receptor, however, 
the indicator should be easily displaced by the analyte. 

In one embodiment, a plurality of beads having a variety of 
receptors may be produced. In one embodiment, the receptors 
may be formed from a variety of different receptor types. 
Alternatively, the beads may have similar receptors. For 
example, techniques are well known to create libraries of 
peptide, peptide mimics, or nucleotides upon polymeric 
beads. For peptide libraries up to 20" different beads may be 
produced in a library, where n is the number of amino acids in 
the peptide chain. Nucleic acid libraries may have up to 4" 
different beads where n is the number of nucleic acid bases. 
Because of the large number of different beads in these librar 
ies, the testing of each individual bead is very difficult. 

FIG. 11 depicts a schematic drawing of a method for opti 
mizing a receptor on a bead. In FIG. 11A, a bead is depicted 
that includes a receptor X. Receptor X is composed of 6 
subparts that extend from a base. The base is coupled to the 
bead. The bead is first contacted with an indicator, denoted as 
the stars in FIG. 11A. The indicator interacts with each of the 
beads in the library, binding to the receptors. FIG. 11B shows 
the indicator coupled to the receptor of the bead. As depicted 
in FIG. 11b, the color or fluorescence of the bead is altered 
due to the interaction of the indicator with the receptor. The 
change in color or fluorescence of the bead indicates that the 
bead is capable of interacting with the indicator. 
When a plurality of beads is used, the indicator will bind to 

the beads at various strengths. The strength of binding is 
typically associated with the degree of color or fluorescence 
produced by the bead. A bead that exhibits a strong color or 
fluorescence in the presence of the indicator has a receptor 
that binds with the indicator. A bead that exhibits a weak or no 
color or fluorescence has a receptor that only weakly binds the 
indicator. Ideally, the beads that have the best binding with the 
indicator should be selected for use over beads that have weak 
or no binding with the indicator. FIG. 12 depicts a schematic 
of a flow cytometer that may be used to separate beads based 
on the intensity of color or fluorescence of the bead. Gener 
ally, a flow cytometer allows analysis of each individual bead. 
The beads may be passed through a flow cell that allows the 
intensity of color or fluorescence of the bead to be measured. 
Depending on the measured intensity, the bead may be col 
lected or sent to a waste collection vessel, as indicated in FIG. 
12. For the determination of an optimal bead for interaction 
with an indicator, the flow cytometer may be set up to accept 
only beads having an color or fluorescence above a certain 
threshold. Beads that do not meet the selected threshold, (i.e., 
beads that have weak or no binding with the indicator) are not 
collected and removed from the screening process. Flow 
cytometers are commercially available from a number of 
SOUCS. 

After the bead library has been optimized for the indicator, 
the beads that have been collected represent a reduced popu 
lation of the originally produced beads. If the population of 
beads is too large, additional Screening may be done by rais 
ing the intensity threshold. Now that the beads that exhibit 
optimal interaction with a receptor have been identified, the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

28 
remaining beads are optimized for displacement of the indi 
cator by the analyte of interest. Thus, the remaining beads are 
treated with a fluid that includes the analyte of interested, as 
depicted in FIG.11C. The analyte is represented by the circle. 
For some beads, the analyte will cause displacement of the 
indicator, causing the color or fluorescence of the bead to be 
reduced, as depicted in FIG. 11D. The intensity of the color or 
fluorescence of the bead after it interacts with an analyte will 
be based on how the competitive displacement of the indica 
tor. A bead that exhibits weak or no color or fluorescence 
when treated with an analyte is the most desirable. Such beads 
show that the analyte is readily bound by the receptor and can 
readily displace the indicator from the receptor. 
Once again a flow cytometer may be used to determine the 

optimal beads for use in an assay. A library of beads that have 
been optimized for interaction with an indicator are treated 
with a fluid that includes an analyte. The treated beads are 
passed through a flow cytometer and the beads are separated 
based on intensity of color or fluorescence. The beads that 
exhibit a color or fluorescence below a predetermined inten 
sity are collected, while beads that show a color or fluores 
cence above the predetermined intensity are sent to a waste 
collection. The collected beads represent the optimal beads 
for use with the selected analyte and indicator. The identity of 
the receptor coupled to the bead may be determined using 
known techniques. After the receptor is identified, the bead 
may be reproduced and used for analysis of samples. 
The previously described sensor array systems and mem 

brane-based systems may be used in diagnostic testing. 
Examples of diagnostic testing are described in U.S. applica 
tion Ser. No. 10/072,800, entitled “METHOD AND APPA 
RATUS FORTHE CONFINEMENT OF MATERIALS INA 
MICROMACHINED CHEMICAL SENSOR ARRAY filed 
Jan. 31, 2002 and published as U.S. Publication No. 2002 
O197622-A1. 

In many common diagnostic tests, antibodies may be used 
to generate an antigen specific response. Generally, the anti 
bodies may be produced by injecting an antigen into an ani 
mal (e.g., a mouse, chicken, rabbit, or goat) and allowing the 
animal to have an immune response to the antigen. Once an 
animal has begun producing antibodies to the antigen, the 
antibodies may be removed from the animals bodily fluids, 
typically an animal’s blood (the serum or plasma) or from the 
animal’s milk. Techniques for producing an immune 
response to antigens in animals are well known. 
Once removed from the animal, the antibody may be 

coupled to a polymeric particle. The antibody may then act as 
a receptor for the antigen that was introduced into the animal. 
In this way, a variety of chemically specific receptors may be 
produced and used for the formation of a chemically sensitive 
particle. Once coupled to a particle, a number of well-known 
techniques may be used for the determination of the presence 
of the antigen in a fluid sample. These techniques include 
radioimmunoassay (RIA), microparticle capture enzyme 
immunoassay (MEIA), fluorescence polarization immunoas 
say (FPIA), and enzyme immunoassays such as enzyme 
linked immunosorbent assay (ELISA). Immunoassay tests, as 
used herein, are tests that involve the coupling of an antibody 
to a polymeric particle for the detection of an analyte. 

ELISA, FPIA and MEIA tests may typically involve the 
adsorption of an antibody onto a solid Support. The antigen 
may be introduced and allowed to interact with the antibody. 
After the interaction is completed, a chromogenic signal gen 
erating process may be performed which creates an optically 
detectable signal if the antigen is present. Alternatively, the 
antigen may be bound to a solid Support and a signal is 
generated if the antibody is present. Immunoassay techniques 
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have been previously described, and are also described in the 
following U.S. Pat. Nos. 3,843,696; 3,876,504: 3,709,868; 
3,856,469: 4,902,630; 4,567,149 and 5,681,754. 

In ELISA testing, an antibody may be adsorbed onto a 
polymeric particle. The antigen may be introduced to the 
assay and allowed to interact with an antibody for a period of 
hours or days. After the interaction is complete, the assay may 
be treated with a dye or stain, which reacts with the antibody. 
The excess dye may be removed through washing and trans 
ferring of material. The detection limit and range for this 
assay may be dependent on the technique of the operator. 

Microparticle capture enzyme immunoassay (MEIA) may 
be used for the detection of high molecular mass and low 
concentration analytes. The MEIA system is based on 
increased reaction rate brought about with the use of very 
Small particles (e.g., 0.47 um in diameter) as the Solid phase. 
Efficient separation of bound from unbound material may be 
captured by microparticles in a glass-fiber matrix. Detection 
limits using this type of assay are typically 50 ng/mL. 

Fluorescence polarization immunoassay (FPIA) may be 
used for the detection of low-molecular mass analytes, such 
as therapeutic drugs and hormones. In FPIA, the drug mol 
ecules from a patient serum and drug tracer molecules, 
labeled with fluorescein, compete for the limited binding sites 
of antibody molecules. With low patient drug concentration, 
the greater number of binding sites may be occupied by the 
tracer molecules. The reverse situation may apply for high 
patient drug concentration. The extent of this binding may be 
measured by fluorescence polarization, governed by the dipo 
larity and fluorescent capacity. 

Cardiovascular risk factors may be predicted through the 
identification of many different plasma-based factors using 
immunoassay. In one embodiment, a sensor array may 
include one or more particles that produce a detectable signal 
in the presence of a cardiac risk factor. In some embodiments, 
all of the particles in a sensor array may produce detectable 
signals in the presence of one or more cardiac risk factors. 
Particles disposed in a sensor array may use an immunoassay 
test to determine the presence of cardiovascular risk factors. 
Further details regarding the use pf particle based sensor 
arrays for the detection of cardiac risk factors may be found in 
U.S. patent application Ser. No. 10/427,744 entitled “Method 
and System for the Detection of Cardiac Risk Factors' (Pub 
lished as U.S. Publication No. 2004-0029259-A1) and U.S. 
Patent Application entitled “Method and System for the 
Analysis of Saliva Using a Sensor Array' to McDevitt et al., 
filed on Dec. 13, 2004. 
The sensor array may be adapted for use with blood. Other 

body fluids such as, saliva, Sweat, mucus, semen, urine and 
milk may also be analyzed using a sensor array. The analysis 
of most bodily fluids, typically, will require filtration of the 
material prior to analysis. For example, cellular material and 
proteins may need to be removed from the bodily fluids. As 
previously described, the incorporation of filters onto the 
sensor array platform, may allow the use of a sensor array 
with blood samples. These filters may also work in a similar 
manner with other bodily fluids, especially urine. Alterna 
tively, a filter may be attached to a sample input port of the 
sensor array System, allowing the filtration to take place as the 
sample is introduced into the sensor array. 

In an embodiment of a sensor array, particles may be selec 
tively arranged in micromachined cavities localized on sili 
con wafers. The cavities may be created with an anisotropic 
etching process as described in U.S. application Ser. No. 
10/072,800, entitled “METHOD AND APPARATUS FOR 
THE CONFINEMENT OF MATERIALS INAMICROMA 
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CHINED CHEMICAL SENSOR ARRAY filed Jan. 31, 
2002 and published as U.S. Publication No. 2002-0197622 
A1. 

In some embodiments, to observe the sensor array, a flow 
cell is mounted upon the stage of an optical imaging system. 
To accommodate various detection schemes, the imaging 
system is outfitted for both brightfield and epifluorescence 
imaging. Appended to the imaging system is a computer 
controlled CCD camera, which yields digital photomicro 
graphs of the array in real time. Use of a CCD may allow 
multiple optical signals at spatially separated locations to be 
observed simultaneously. Digitization also permits quantifi 
cation of optical changes, which is performed with imaging 
software. As mentioned earlier, the flow cell is readily com 
patible with a variety of fluidic accessories. Typically, solu 
tions are delivered to the flow cell with the assistance of a 
pump, often accompanied by one or more valves for stream 
selection, Sample injection, etc. 
As fluid samples are delivered to the flow cell, optical 

responses of the sensor array are observed and reported by the 
CCD camera. As such, the raw data produced by this platform 
are digital optical photomicrographs. Once animage has been 
captured, quantification of the particles responses begins. 
Multiple areas of interest (AOIs) are defined within each 
image, typically corresponding to the individual particles. 
Average red, green, and blue (R,G, and B, respectively) pixel 
intensities are determined for each AOI, and exported as the 
raw numerical data. Software modules have been composed 
allowing many of these tasks to be performed in an automated 
fashion. Automated tasks include periodic acquisition of 
images, determination of AOIS (recognition of particles), 
extraction and exportation of numerical data to spreadsheet, 
and some data manipulation. 

Several manipulations of the RGB intensities may be quan 
tified for each particle in the array. In addition to the indicator 
particles, blank particles (ones containing no receptors or 
indicators) were also included in the array to serve as refer 
ences for absorbance measurements. The R, G, and B, 
values were used to refer to the average intensities, in each 
color channel, for particle n. Similarly, Ro, Go, Bo values 
represented the average intensities, in each color channel, for 
a blank reference particle. “Effective absorbance' values for 
each color channel, A. A. and A, were then calculated 
using equations 3.1-3.3. 

AR,--log(R/Ro) Eq. 3.1 

A G-log(G/Go) Eq. 3.2 

A -log(B/Bo) Eq 3.3 

These effective absorbance values were also normalized to 
their maximum value for a given experiment and were 
referred to as A' A' A'. The ratios of a given particle's 
different color intensities may also be calculated. For a given 
particle, n, the ratio of the red intensity over the green inten 
sity was expressed as (R:G), that of red over blue as (R:B). 
and that of green over blue as (G:B). 

In order to create an array with broad analyte response 
properties and accurate measurement capabilities, it is nec 
essary to develop procedures for translating optical changes 
into analyte quantification values. Here, the collective 
response of numerous particles and selective color channels 
must be considered. For this purpose, artificial neural network 
(ANN) methods were utilized due to their capacity to process 
multiple inputs. Multilayer Feed forward ANNs are the most 
popular ANNs and are characterized by a layered architec 
ture, each layer comprising a number of processing units or 



US 8,105,849 B2 
31 

neurons. An explanation of how a multi-layer ANN functions 
is facilitated by the schematic diagram provided in FIGS. 13A 
and B. In FIG. 13A is shown a generic representation of a 
multi-layer ANN. There is both an input layer and an output 
layer. The number of neurons in the input layer is typically 5 
equal to the number of data points to be submitted to the 
network. On the other hand, the number of neurons in the 
output layer may vary with the nature of the application (e.g. 
either one or multiple values may be appropriate as the net 
works output). Layers between the input and output are 
termed “intermediate' or “hidden layers. Inclusion of hid 
den layers greatly increases a networks capabilities. How 
ever, there is a concomitant increase in complexity, which 
rapidly becomes computationally cumbersome, even with 
modern computers. Likewise, it is desirable to identify ANN 
methods that are both simple, yet effective, for the given 
application goals. 
When data are submitted to the input layer of such an ANN, 

corresponding results are yielded in the output layer. The 
transformation of the data into the results occurs as the data or 
“signal’ progresses through the layers of the network. To 
reveal how these transformations are made, FIG. 13B focuses 
on the interactions between three layers in a multi-layer ANN. 
From each neuron (1, 2, ..., n) in the preceding layer, the 
centrally featured neuron receives an individual input (in 
in ..., in). The neuron has a number of weight values (w. 
W. . . . . W.) which correspond to the received inputs. The 
neuron assigns a weight to each of these inputs and Subse 
quently calculates their weighted Sum, S: 
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Eq. 3.4 
S = Xin, kw, 

35 

An output (out) is then generated by passing this weighted 
Sum of inputs through a sigmoidal function, 

out f(S)=1/(1+exp-S) Eq. 3.5 40 

effectively narrowing the potential output range. This output 
value is then sent to every neuron in the Subsequent layer of 
the network. Connecting lines between the neurons (such as 
those in FIG.13A) are typically used to demonstrate that each 
neuron has such interactions with every neuron in the layers 45 
immediately preceding and following its own. 
The accuracy (and consequent utility) of an ANN may be 

dependent upon its training. The training methods that may be 
utilized may be either the Levenberg-Marquardt (LM) algo 
rithm or the Back Propagation algorithm (BP). The BP algo- 50 
rithm. Typically, training involves gathering a large, repre 
sentative data set (e.g., a simple calibration curve) and 
designating it as a training data set, including both inputs and 
corresponding desired outputs. Both the inputs and the 
desired outputs are supplied to the network, which then 55 
refines itself in an iterative manner. The network (whose 
architecture has been chosen by the user) processes the Sup 
plied inputs, yielding a set of outputs. These outputs are 
generated in the manner described above, initially using ran 
dom values for the neurons weights. The use of random 60 
weights produces nonsensical results, but provides the net 
work with a necessary starting point. The network then refines 
itself by comparing its produced outputs with the desired 
outputs, and then altering its neurons weights for the Subse 
quent iteration in order to decrease the difference between the 65 
two. Each cycle comprising input Submission, output genera 
tion, and weight adjustments, is referred to as an epoch. 
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Training proceeds for a user-defined number of epochs, often 
on the order of 1000, even for relatively simple networks. 
Once an ANN has been trained, the difference between the 

desired outputs of the training data set and the outputs actu 
ally generated by the network is quantified as the training 
error. Obviously, minimal training errors are desired. High 
training errors may be due to any number of factors, but can 
often be attributed to network architecture or insufficient 
training. More complex architecture (i.e., more layers and/or 
more neurons per layer) may improve the training error, but 
may also greatly increase the time and computational power 
required for training and use. 
To assess the predictive ability of an ANN during the train 

ing process, a seconditerative process may be employed. In a 
given iteration of this process, a single data point from the 
training data set is omitted, the ANN is trained on the remain 
ing data, and then tested on the omitted point. This “leave 
one-out' strategy is useful for evaluating the network’s abil 
ity to extrapolate. It should be kept in mind, though, that this 
is a pseudo-extrapolation (in that the omitted test point origi 
nated in the training data). As such, the average error associ 
ated with this pseudo-external data is typically lower than that 
of truly external data (data gathered outside of the original 
training data set). The error measured when the ANN is used 
on truly external data is the most meaningful measure of the 
networks utility. However, many reports of chemical sensor 
arrays employing ANNs fail to distinguish between error 
values associated with truly external data and pseudo-exter 
nal data. The extraction of intuitively useful trends is often 
difficult from many ANN studies described in the literature, 
making the targeted improvement of array members difficult. 

Values of R, G, B, A, Ao Ao, and (RG), (R:B). 
(G:B), are all considered for participation in the training 
network as input data. Raw intensity inputs such as R,G,B, 
are discarded early on in this study because they are found to 
be highly dependent on the light calibration setting and the 
size of the particle. However, using a “blank” particle to 
convert raw intensities to “effective absorbance' results in 
measurements that take into account possible fluctuations of 
the light source during the course of an experiment. As men 
tioned above, ANNs may be sensitive to the format of the 
inputs and sometimes necessitate the completion of data 
transformation or pre-processing of the inputs. Normaliza 
tion of the absorbance readings homogenizes the data by 
transforming every measurement into a value between 0 and 
1. Therefore, “effective absorbance' readings are also dis 
carded as inputs in the network and replaced by A' A'. 
A'. This Switch presumably reduces the influence of error 
caused by variations in particle diameter. The use of color 
ratios provides a second method to reduce the noise contri 
bution introduced by the selection of particles with a slight 
distribution in their sizes. 

For network training, evaluation, and method selection, 
every recorded data set may contain replicates (or cases) for 
each data point through the acquisition of a sequence of 
images. Preliminary experiments tested the influence of the 
number of cases on the accuracy of the network. The main 
advantage of using multiple cases is to provide complex net 
works with a much greater number of data points than the 
number of connections between neurons. Further, the proce 
dure allows for some of the data to be used in cross-validation. 
It is generally recommended that the number of training cases 
be at least twice that of adjustable parameters in the network. 
The number of epochs necessary to train a given network may 
be assessed carefully by first introducing cross-validation 
cases in the training set. The inclusion of cross-validation data 
does not enhance the performance of the network to any great 
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extent, but rather serves to limit the number of over-fitting 
occurrences. All data collection events are completed with at 
least one duplicate of each particle, and the same for the blank 
particle. The use of redundant inputs is intended to not only 
provide a back-up for each data type, but also to serve to 
increase the dimensionality of the network in order to opti 
mize pattern recognition. However, despite the good particle 
to-particle reproducibility observed in prior experiments, the 
performance of the network is found consistently to be greater 
with a single replicate for each particle rather than taking 
average values recorded from multiple similar type particles. 
The preparation of functional shells within the polymer 

microspheres was accomplished via methods based on those 
outlined by Fourkas and coworkers (Farrer, R. A. et al. “Pro 
duction, analysis, and application of spatially resolved shells 
in Solid-phase polymer spheres'. Journal of the American 
Chemical Society 124, 1994-2003 (2002)). Synthetic modi 
fication of a given microsphere entails immobilization of a 
species to the reactive sites of the particle. Intuitively, this 
begins at the particle's Surface and proceeds inward in a radial 
manner. In the event that the coupling reaction between the 
Solution borne species and the particle's reactive sites occurs 
more rapidly than the species diffusion into the particle, the 
advancing reaction front will remain abrupt. At any point 
during the reaction, then, there are two distinct regions: a 
growing exterior region in which the reactive sites have been 
modified and a shrinking, unmodified core region. Thus, if the 
reaction is aborted prior to completion (i.e., before the 
advancing reaction front reaches the center of the particle) it 
will yield a microsphere with two distinct concentric regions. 
In theory, multiple such controlled-penetration reactions can 
be performed sequentially to yield additional shells. 
As mentioned above, the utility of this technique is limited 

to scenarios in which diffusion of the species to be immobi 
lized is the rate limiting step. If this is not the case, definition 
of the regions may be very poor or even nonexistent. 
Recently, however, Farrer et al reported an indirect method 
for the creation of discrete regions within polymer micro 
spheres which circumvents the issue of diffusion vs. reaction 
rates, vastly broadening the range of species which may be 
immobilized in distinctly defined shells. Instead of directly 
immobilizing the desired species, temporary shells were cre 
ated by capping peripheral reactive sites with a removable 
protecting group. With an exterior protected shell in place, the 
internal core region of the particle may be modified with a 
Subsequent coupling reaction. Removal of the protecting 
group from the external region then yields a particle in which 
the core has been modified, but the exterior has not. In this 
manner, multishell particles are prepared from the core out 
ward. Again, repeated protection/modification/deprotection 
cycles may be performed sequentially to increase the number 
of shells. 
The key advantage to this indirect modification technique 

is that the sharpness of the interface between two shells is 
established by the protecting group. Variations on this tech 
nique, including the generation of five or more layers within 
individual particles, the simultaneous use of multiple 
orthogonal protecting groups, and the spatially resolved 
immobilization of three different species within particles. In 
all of these variations, though, the controlled penetration of 
the protecting group is used to define the shells. Thus, the 
spatial resolution of the shells is independent of the diffusion 
and reaction rates of the species to be immobilized within 
them. 

FIG. 14 displays schematically the synthesis of functional 
multi-shell particles. Initially, distinctly heterogeneous 
regions are created within the amine terminated polystyrene 
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polyethylene glycol particles (i) via the controlled penetra 
tion of the resin in a radial manner with 9-fluorenylmethoxy 
carbonyl chloroformate (Fmoc), yielding resin with an 
exterior region of protected amines (ii). Subsequent coupling 
of ALZC to ii results in particles with the complexone immo 
bilized only within their cores (iii). Removal of the Fmoc 
protecting group then yields resin with an ALZC core and an 
exterior region of free amines (iv). Two aliquots of iv are 
individually treated with acetic anhydride and EDTA dianhy 
dride, respectively, yielding two batches with identical cores, 
but different exterior regions. While batch vi is functionalized 
with a strongly chelating EDTA shell, the amines in the exte 
rior of batch V are capped, rendering the shell relatively inert 
with respect to metal cations. Multishell particle types will be 
named by combining their functionalities, listing them from 
the exterior inwards. For example, particles from batch vi in 
FIG. 14 will be referred to as “EDTA-ALZC' particles. 

Particles from batches V (Ac-ALZC) and vi (EDTA 
ALZC) were arranged in a sensor array with each truncated 
pyramidal well hosting an individual particle, directing solu 
tion flow to the particle while allowing optical measurements 
to be made. The red, green, and blue absorbance values (cal 
culated using a blank particle as a reference intensity, as 
previously described) of each particle were monitored vs. 
time as various metal cation solutions were delivered to the 
flow cell. In one experiment, RGB absorbance was measured 
vs. time for a particle from batch V and a particle from batch 
vi, during a representative experiment (specifically the intro 
duction of 10 mM Ni). Both particles exhibit an overall 
increase in absorbance, as was expected from the ALZC 
“detector core. In the particle with the “inert acetylated 
shell, (A.C) the absorbance increase begins roughly 8s after 
the Ni" flow begins. This value was constant from particle to 
particle (within Batch V) and also from trial to trial. In con 
trast, the absorbance increase was not observed in the EDTA 
coated particles (Batch vi) until ~40s later. This delay is 
consistent with the idea that the ligand shell hinders the dif 
fusion of metal cations through the polymer matrix. 

It is also interesting to note that the two different particles 
have very different absorbance values prior to arrival of the 
metal cation solution. Here, it is speculated that ligand groups 
in the outer shells may function to buffer the microenviron 
ments of the particles, thereby playing a role in dictating the 
color of the detection scheme. With higher concentration 
acidic and basic rinses, the color of the ALZC in the two 
batches of particles was readily equalized. However, with the 
50 mMacetate buffer used here, the different particle batches 
consistently exhibited different (but stable) absorbance val 
ues, as consistent with the above explanation. Further, it 
should be noted that for the EDTA particle (batch vi, panels B 
and D) a decrease in absorbance was observed prior to the 
overall increase in absorbance. This behavior is consistent 
with a temporary lowering of the pH of the particle microen 
vironment, which may be attributed to deprotonation of the 
ligands upon metal complexation, and has been observed in 
related systems. Recent data indicate that this feature of the 
multishell particles responses may be useful in identifying 
metals and determining their concentrations. 
The delayed response of the EDTA coated particle can be 

rationalized in terms of a “moving boundary or “shrinking 
core' effect. The diagram in FIG. 15 illustrates the shrinking 
core model as it pertains to a microsphere functionalized 
homogeneously with a chelating moiety (i.e., iminodiacetate 
resin). The lower portion of the figure contains a pair of 
graphs, one depicting the concentration of metal in Solution as 
a function of radial position within the particle, the other 
displaying the concentration of metal bound by the Solid 
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resin, also as a function of radial position. The two graphs are 
oriented in opposing directions (separated by a dashed line) 
Such that the radial positions on the X-axis of each correspond 
to the semicircular diagram of a microsphere, included above 
them. 
Upon exposure to solution containing an analyte (e.g., 

metal cations), the concentration gradient between the inte 
rior of the particle and the Surrounding Solution prompts 
diffusion of the analytes into the particle. However, given a 
large formation constant between the ligand and the analyte, 
the analytes achieving contact with the polymer may be asso 
ciated (e.g. through binding or complexation) with the poly 
mer, removing Solution dissolved analytes from the liquid. 
This effective consumption of the analytes as they progress 
through the polymer results in the preservation of a large 
concentration gradient across a well-defined, moving bound 
ary. Consequently, at a given point in time prior to complete 
equilibration, there are two distinct regions in the micro 
sphere: a reacted shell and an unreacted core, as shown in 
FIG. 15. The shell is defined by local equilibrium between the 
Solution and the polymer matrix. Accordingly, the two con 
centration profiles shown in the schematic Suggest the pres 
ence of both free and bound analytes in this region. If equili 
bration is achieved rapidly, the concentrations of each would 
be expected to remain approximately constant throughout the 
shell. The core, on the other hand, is defined by an absence of 
any analytes, neither free nor bound forms are here located at 
this time interval. As such, there exists a concentration gra 
dient across the boundary (indicated with dotted lines) 
between the two regions. This concentration gradient natu 
rally promotes mass transport of the analytes across the 
boundary. However, since the interaction of the analytes with 
the polymer occurs more rapidly than their diffusion, the net 
result is an inward shift of the boundary with the concentra 
tion gradient preserved. It should be noted that the existence 
of the two regions is transient, and that, with prolonged time 
intervals, the entire particle will attain equilibrium with the 
analyte resulting in a homogeneous system. 

In the EDTA-ALZC particle described above here, arrival 
of the boundary at the dye-containing core is signaled by the 
increase in absorbance. Following the initial arrival at the 
core, there continues to be a slower rate of signal development 
compared to the reference Ac-ALZC particle. This behavior 
may be indicative of the fact that the concentration gradient is 
not perfectly maintained, or rather, that the boundary region 
broadens as it progresses through the matrix. Also, it should 
be kept in mind that the EDTA-ALZC particle used here 
differs somewhat from the homogeneous particle discussed in 
the model. In particular, we must consider that the ALZC core 
is also an immobilized chelator, and as such that the rate of 
signal development will also be dependent upon interactions 
between the metal and the dye. Furthermore, if complexation 
of metal ions by the ligand shell does indeed affect the pH of 
the particle microenvironment, as proposed above, it may 
also significantly affect the binding characteristics of the 
complexometric dye. Nevertheless, the model provides a 
qualitative explanation of the key processes that may occur 
within the particle as metal cations are incorporated therein. 

In order to facilitate an examination of the benefits of this 
multishell approach, three key intuitive components of a par 
ticle's response are defined as follows: 1) the color change of 
a particle is calculated by subtracting its initial effective 
absorbance value from its final effective absorbance value; 2) 
t is the time measured from the beginning of a particle's 
color change until the particle has completed half of its color 
change; 3) t is the time required to penetrate the ligand shell 
as defined by the length of time prior to the observation of the 
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color change. These components of the particles responses 
can be combined to yield a multi-component “fingerprint” 
Summarizing the array's response to a given metal cation 
Solution. 

Examples of Such multi-component responses are graphi 
cally summarized in FIGS. 16A-D for the particles prepared 
according to the scheme of FIG. 14. Each of the four panels 
here included corresponds to the indicated metal Solution and 
features two separate data sets associated with EDTA and 
acetylated outer shells. Interestingly, the fingerprints yielded 
by the two multishell particles exhibit unique characteristics 
for each of the solutions studied. These data are well-suited 
for use with pattern recognition algorithms. A comparison of 
FIG.16C (5 mM Pb) and FIG. 16D (10 mM Pb) empha 
sizes the benefits of the increased dimensionality of the fin 
gerprint response. While the color changes exhibited by the 
two particle types show little, if any, meaningful difference 
between the two concentrations, the to values of both par 
ticles, and the t, values of the EDTA particle, differ signifi 
cantly between the two concentrations. It is evident from 
these data that the final static colorimetric response (the color 
change) of the ALZC alone is insufficient for discriminating 
between the two concentrations of Pb", and that the func 
tional EDTA shells and the time domain have added to the 
array's capabilities. Conversely, in the cases displayed in 
FIG. 16A (10 mM Zn) and FIG. 16B (10 mM Nit) the to 
and t, values of the particles differ only slightly between the 
two metals, while their color changes are distinctly different. 
For these cases, the colorimetric responses of the ALZC con 
tribute more to the discrimination than do the temporal com 
ponents of the response. Likewise, a comparison of panel D 
(10 mMPb) with either panel A (10 mMZn") or B (10 mM 
Ni") demonstrates a situation in which both the temporal and 
colorimetric components differ between metals. That the t, 
values of the acetylated (v) particle do not fluctuate signifi 
cantly between these four cases agrees well with the idea of an 
“inert’ shell, and highlights the chromatographic role pro 
vided by the EDTA functionality. 

It is important to appreciate that with the multishell 
approach used here, the polymer microsphere itself is the 
sensor element, rather than merely a substrate for immobili 
zation of a detection scheme. While optical detection of the 
analytes still arises from the immobilized indicator, modifi 
cation of the polymer matrix Surrounding the indicator may 
be used to augment the analytical characteristics of the detec 
tion scheme. Consequently, preparing particles with different 
ligand shells, but having a common indicator core generates a 
collection of complementary sensing elements with overlap 
ping selectivity and varied analytical characteristics. Such 
elements are the building blocks of cross-reactive sensor 
arrays. It should be emphasized here that this is accomplished 
without any direct synthetic modification of the indicator 
itself. 

In order to investigate the advantages of varying the nature 
of the ligand shell, a new batch of multishell particles was 
prepared. Preparation followed the strategy outlined previ 
ously and is depicted schematically in FIG. 17. As before, the 
controlled penetration of Fmoc was employed to generate a 
batch of NH-ALZC resin. Four aliquots of this resin were 
removed and the exterior regions of each aliquot was modi 
fied independently. In addition to capping the amines in one 
aliquot via acetylation, and immobilizing EDTA in the shell 
of a second, two other polyaminocarboxylate ligands, nitrilo 
triacetic acid (NTA) and diethylenetriaminepentaacetic acid 
(DTPA), were immobilized in the shells of the remaining two 
aliquots. The DTPA ligand system was immobilized in a 
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similar fashion as EDTA, via DTPA dianhydride, where as 
NTA was immobilized similarly to the complexometric dye, 
via a DCC coupling reaction. 

Samples of the four particle types prepared here were 
assembled in a sensor array in order to probe the effects of the 
different ligands on the particles responses. The “split-pool 
preparation of these particles (described above) ensures that 
the shell depth and dye core are identical (within the toler 
ances described in later) from batch to batch. Accordingly, 
any observed significant differences in t values between 
batches may be attributed to their respective ligands, rather 
than differences in shell depth. Different concentration solu 
tions of Ca(NO) and Mg(NO) were introduced to the 
array and plots of absorbance vs. time were generated for 
each particle in the array. Solutions contained only a single 
metal (i.e., either Ca" or Mg") and their concentrations 
ranged from 5 uM to 10 mM. All solutions were buffered at 
pH 9.8 with 50 mMalanine. The duration of each trial varied 
with the anticipated t, values. One image was captured every 
2 S. 

FIG. 18 features plots of the t, values of three different 
particle types (NTA-ALZC, EDTA-ALZC, and DTPA 
ALZC) vs. metal concentration for both Mg" and Ca". An 
examination of these data reveals several advantages of the 
multi-shell approach. It is evident from the data that all three 
ligand shells employed here exhibit dose dependent 
responses for both Ca" (empty circles, dashed lines) and 
Mg" (filled circles, solid lines). This concentration depen 
dence of the t, values indicates that the ligand shells should be 
directly applicable to concentration determination. Further 
more, it should be noted that for a given metal the dose 
dependence of each ligand shell shown here is significantly 
different. This agrees well with the intuitive notion that the t, 
value should be heavily dependent upon the identity of the 
ligand in the exterior region. This then implies that thet, value 
of each ligand shell should be useful over a different range of 
metal cation concentration. If this is indeed the case, then by 
combining particles with various ligand shells, it should be 
possible to extend the effective dynamic range of an array 
towards a given metal cation. Additionally, although the 
EDTA and DTPA shells appear to treat Ca" and Mg" very 
similarly, the NTA shells clearly discriminate between the 
two metals. As such, the NTA ligand shell can be considered 
to impart a degree of selectivity to a particle. 

In an experiment, multiple samples of a 10 mM Pbsolu 
tion (buffered at pH 4.8 with 50 mMalanine) were delivered 
to an array of multishell particles, and their responses were 
recorded. The 5x7 array used in this work contained 7 of each 
of the 5 following particle types: blank (NH), Ac-ALZC. 
NTA-ALZC, EDTA-ALZC, and DTPA-ALZC. Between 
each trial, an acidic rinse (10 mM HCl at 3 mL/min for ~15 
min) was used in an attempt to remove bound Pb" from the 
particle. The acidic rinse was followed by a buffer rinse (2 
mL/min for ~5-7 min) to ensure a uniform starting point for 
each trial. Images of the array were captured every two sec 
onds and an absorbance vs. time plot was recorded for each 
particle in the array. From these responses, at value was 
extracted for each particle, for each trial. For a given particle, 
the t value was quantified by taking the slope of the slope of 
the particle's green absorbance vs. time and observing the 
peak which corresponded to the most rapid rate of increase in 
absorbance. In each case, this method yielded values which 
agreed well with visual inspections of the raw data. 

Meant, values were calculated for individual particles by 
averaging t values from the five redundant trials. 

Several observations were made concerning the particles 
temporal reproducibility. First, different ligand shells exhib 
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ited different t values for the 10 mM Pb" solution. This 
Suggests that the inclusion of multiple ligand types should 
contribute to the generation of fingerprint style responses. 
Additionally, the average standard deviations for the different 
particle types are as follows: 1.3 s for Ac-ALZC; 2.6 s for 
NTA-ALZC; 1.6 s for EDTA-ALZC; 3.5 s for DTPA-ALZC. 
Considering that the temporal resolution of the measurements 
was only 2 s, and that the reproducibility was also dependent 
upon manual synchronization of two independent Software 
packages (one controlling fluid delivery, one controlling 
image capture), these data are very encouraging with respect 
to trial-to-trial reproducibility. Furthermore, since the time of 
these studies, it has been observed that the acidic rinse used 
here is inadequate for the DTPA ligand shell. This may well 
have contributed to the modest reproducibility exhibited here 
by the DTPA coated particles. 

Concerning particle-to-particle reproducibility, the abso 
lute and percent relative standard deviations (% RSD) of the 
averaget, values for each particle type are as follows: 1.1 S. 
9.3% for Ac-ALZC: 13.8 s. 13.9% for NTA-ALZC; 1.6 s, 
4.9% for EDTA-ALZC; 3.4 s, 7.8% for DTPA-ALZC. It is 
encouraging that, in this initial study, only the NTA-ALZC 
particles responses exhibited% RSDs greater than that of the 
shell depth (9.9%). It is possible that uneven solution flow 
through the wells of the array results in unequal delivery of 
analyte and therefore hampers particle-to-particle reproduc 
ibility. If this is indeed the case, it would not be surprising if 
it was most evident in the particles with the highest t, values. 
The ligand shell of a multishell particle can be thought of as 

a chromatographic layer, while the indicator at the core func 
tions as a detector. Indeed, data presented thus far have indi 
cated that the progression of analytes through the particles 
exterior regions is hindered by the presence of an immobi 
lized ligand and that the rate of progression is dependent upon 
the nature of the ligand and the identity and concentration of 
the analyte. Certainly, in their interactions with individually 
delivered analytes, the multishell particles have demonstrated 
a potential utility for metal cation speciation and concentra 
tion determination. It should be kept in mind though that the 
primary goal of cross-reactive sensor arrays is the ability to 
detect multiple species simultaneously. 
The plot displayed in FIG. 19 chronicles the development 

of an EDTA-ALZC particle's response to a solution contain 
ing both Mg" and Ca". The top line represents the green 
absorbance, the middle line represents the red absorbance, 
and the top line represents the blue absorbance. Each metal 
was present at a concentration of 1 mM, the Solution was 
buffered at pH 9.8 with 50 mMalanine, and the flow rate 
during the experiment was 2 mL/min. As was seen with the 
introduction of single cations, there is a significant delay prior 
to observation of the dye's response. However, the evolution 
of the dye's response is clearly different here than with any of 
the individually delivered analytes. Specifically, the observed 
color change appears to occur in two distinct steps, the first 
commencing roughly 115 S after the beginning of sample 
introduction, the second beginning almost 100 Slater. This is 
most readily evident in the response recorded by the red 
channel (middle line) of the CCD. The presence of these two 
steps, and the plateau between them, is indicative of two 
samples arriving at the dye core of the particle at different 
times, suggesting that the EDTA shell may have actually 
separated the two species during their progression through 
the exterior region. It should also be noted that the two steps 
in the signal development differ spectrally. The first step is 
defined by an absorbance increase which spans all three chan 
nels of the CCD, whereas the second step is observed prima 
rily in the red channel, slightly in the green channel, and not 
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at all in the blue. This bathochromic shift in the dye's absor 
bance agrees with the idea of two cation waves of different 
composition arriving at the dye core at different times. 

Interpretation of the microsphere's response is again facili 
tated by a consideration of a moving boundary Scenario. In 
FIG. 20 a diagram is used to illustrate the model developed by 
Miljangos and Diaz for a moving boundary system involving 
two species of metal cations. The arrangement and format of 
the diagram match that of FIG. 15. For this example, the same 
concentration of each species has been introduced to the 
microsphere, and the ligating polymer matrix is assumed to 
bind each species with a different affinity. Additionally, the 
diffusivities of the two species are taken to be identical. On 
each graph the concentrations (free or bound as indicated on 
the y-axes) of the two cations are shown. The dashed plots (- 
- - -) correspond to the analyte with the higher affinity for the 
matrix, the solid plots correspond to the less preferred ana 
lyte. 
Upon sample introduction, both analytes are subject to a 

concentration gradient between the external solution and the 
particle. Consequently, both diffuse into an outer shell of the 
particle in equal concentrations where they are bound differ 
entially by the immobilized chelator. This preferential bind 
ing establishes a different concentration gradient for each 
species. The solution in the shell has been depleted of the 
higher affinity species, and so its gradient effectively remains 
at the surface of the particle. On the other hand, the less 
preferred analyte is still present in solution in relatively high 
concentrations and So it experiences a gradient between the 
outer shell and the inner region. Diffusion of the two species 
in accordance with the described gradients results (tempo 
rarily) in a situation similar to that depicted in FIG. 20. 
The two concentration gradients in solution (depicted in 

the left hand graph) explain both the encroachment of region 
2 on the unreacted core, and that of region 1 on region 2. 
Region 2 contains only the less preferred analyte and 
progresses into the core as in the monoanalyte system 
described previously. In contrast, the outer region (1) contains 
both species, and its progression (also driven by a concentra 
tion gradient in Solution) entails the displacement of the less 
preferred analyte from the chelating matrix. 

According to the model described above, the two steps 
within the EDTA-ALZC particle's response should corre 
spond to the arrival of a single analyte at the dye core followed 
by the arrival of a mixture of the two analytes. The time 
dependent 3-color absorbance curves provided in FIGS. 
21A-C allow us to begin rationalizing the features seen within 
the bianalyte response. In FIG. 21A-C, the top line represents 
the green absorbance, the middle line represents the red 
absorbance, and the top line represents the blue absorbance. 
These plots show three different responses from an EDTA 
ALZC particle. FIGS. 21A and 21B show the particle's 
response to 2 mM Ca(NO), and 2 mM Mg(NO), respec 
tively. Each response exhibits a delay, as expected, and each 
response is spectrally different also. While the dyes response 
to Mg" appears simply to be an increase in absorbance, the 
Ca" solution elicits not only an increase in absorbance, but 
also a significant spectral shift into the red channel of the 
CCD. These two monometallic responses aid in interpretation 
of the bimetallic response shown in FIG. 19, implying the 
presence of Ca" in the second step of the signal development, 
and its absence from the first. 

FIG. 21C shows an EDTA-ALZC particle's response to the 
sequential delivery of two different samples, the first consist 
ing of 5 mM Mg", the second containing 5 mM concentra 
tions of both Mg" and Ca". The sequential delivery was 
employed here to simulate the separation predicted by Mijan 
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gos and Diaz. The response elicited by the bimetallic sample 
(shown in FIG. 19) is mimicked closely by the response 
generated via the sequential delivery of two samples (FIG. 
21C). It is interesting here to note that in the instances of the 
monometallic samples (FIG. 21A, B) the equilibrium absor 
bance values of the dye core provide far more information 
regarding the nature of the sample than do the temporal com 
ponents of the responses. In particular, the final absorbance 
values in the red channel relative to those in the green and blue 
channels, are useful here for speciation. However, the utility 
of the ligand shell, and of the associated temporal consider 
ation, are confirmed by the bimetallic response shown in FIG. 
21C. 
The moving boundary models (both mono- and bimetallic) 

outlined above predict that the progress of a metal cation 
through a ligand shell will be dependent upon two factors: the 
diffusion coefficient of the species and its conditional forma 
tion constant with the immobilized ligand. This is confirmed 
by the data featured in FIG. 19 and FIGS. 21A-C, which, 
interestingly, present an apparent dichotomy. The plots 
shown in FIG. 21A and FIG. 21B reveal that the EDTA shell 
yields almost identical t, values for Ca(NO), and Mg(NO) 
2. Intuitively, this suggests that the immobilized ligand does 
not appreciably discriminate between the two species. How 
ever, the “separation of the bimetallic sample in FIG. 19. 
indicates that the EDTA shell does in fact discriminate 
between Ca" and Mg". Given the similar diffusion coeffi 
cients of the two species, (Cat: 0.792x10 cms'; Mg": 
0.706x10cms'; measured in aqueous solutions at 25°C.) 
these data Suggest that when delivered individually the cat 
ions progress through the matrix is governed by their diffu 
sion coefficients. On the other hand, the discrimination 
observed in the bimetallic sample may then be attributed to 
the ligand's preferential binding of Ca" over Mg". In solu 
tion, the formation constants of EDTA-Ca" complexes are 
typically two orders of magnitude greater than those of 
EDTA-Mg" complexes. While the consideration of both dif 
fusion and formation constants may greatly hamper facile 
rationalization of complex responses, the added degree of 
molecular level information contained within the response is 
welcome. 
The application of pattern recognition is useful for the 

analyses of complex mixtures with cross-reactive sensor 
arrays. It is often desirable to demonstrate trends within 
simple multi-analyte systems. This is useful not only as 
proof-of-concept data, but, more importantly, it often pro 
vides insight into the workings of the array, allowing the user 
to make intelligent decisions regarding the choices of pattern 
recognition techniques and their application to the data. To 
this end, an array of ligand shell particles was assembled and 
its responses to binary mixtures of MgCl, and Ca(NO) were 
examined. Interest in simultaneous analyses of Mg" and 
Ca" derives from a unique combination their biological rel 
evance, and their inherent similarity. Indeed, as one species 
often interferes with detection of the other, their coexistence 
within biological samples has historically challenged ana 
lysts. The concentrations of each metal salt varied from 1 to 5 
mM in 1 mM increments, for a total of 25 combinations. FIG. 
22 features the absorbance vs. time responses of an EDTA 
ALZC particle to a subset of these solutions. In each of the 
plots depicted in FIG. 22, the top line represents the green 
absorbance, the middle line represents the red absorbance, 
and the top line represents the blue absorbance. In the 
responses presented here, a number of trends are evident. At 
a glance, it can be seen that there is a significant delay prior to 
each response, and that many of the responses appear to occur 
in two steps. It can also be seen that the temporal development 



US 8,105,849 B2 
41 

of these steps varies considerably with the concentrations of 
the individual components. Furthermore, based on the spec 
tral characteristics of the individual steps, it again appears 
that Mg" reaches the dye core before Ca". It is also inter 
esting to note that the net color changes in these responses 
have little if any variation. 

For each of the 25 binary mixtures introduced to the array, 
two temporal components of the EDTA-ALZC particle's 
response were quantified manually: the initial delay prior to 
the dye's observed response (termed “primary delay') and 
the duration between initial observation of the dyes response 
and the observation of a second step in the dyes response 
(termed “secondary delay'). FIGS. 23A-B features plots of 
the particle's primary (FIG. 23A) and secondary (FIG. 23B) 
delays vs. Mg" and Ca" concentration. No secondary delay 
was recorded for solutions that did not elicit discernable 
steps. Interestingly, two different concentration dependent 
trends are evident in these plots. Increasing the concentration 
of either metal decreases the primary delay, whereas the sec 
ondary delay increases with increasing Mg" concentrations 
but decreases with increasing Ca" concentrations. In this 
case, these trends are directly applicable to determining the 
concentrations of the two species, even without further data 
processing. 

In another embodiment, particles were prepared having an 
indicator in an inner core of the particle, and having an amino 
acid, peptide, or other nitrogen containing ligands, coupled to 
the exterior region of the particle. The amino acid was 
selected based on the ability of the amino acid to complex 
with various metal cations. Each particle was exposed to a 
variety of metal salts to determine the amount of time it takes 
for the metal cation to reach the core and induce a colorimetric 
change in the indicator. The time required to induce a change 
in the indicator is referred herein as the “breakthrough time. 
Table 1 shows the breakthrough times for various metals with 
various particles. The "conjugate' column indicates the mol 
ecule bound to the exterior region. Two runs were performed 
for Hg, Pb, Cu, and Ni, only one runs was performed for Cd. 

TABLE 1. 

CONUGATE C2+ Hg?" Pb2+ Cu2+ 

1-Cysteine 1562s 945 s, 952s 799s, 803s na 
1-Histidine 284 s 589s, 589s 80s, 98 s 1173 s, 1176 s 
EDTA 492 s 360s, 403 s 267 s, 275s 315 s, 411 s 

Table 2 shows the breakthrough times for Hg with various 
particles. The "conjugate' column indicates the molecule 
bound to the exterior region. The times shown are an average 
of four runs for each conjugate. 

TABLE 2 

CONUGATE AVERAGE BREAKTHROUGHTIME 

1-Cysteine 831 - 4 
Cysteine dipeptide 989 S 
Cysteine tripeptide 1317 6 
1-Histidine 604 3 
EDTA 577 6 

FIG. 24 shows a breakthrough curve characteristic of two 
metals passing through a single particle. Here we show two 
separate particles (histidine conjugated and cysteine conju 
gated) with a solution of 5 mM Cd and 5 mM Hg. Utilizing 
HSAB theory, we expect that Cd will bind more tightly to the 
histidine conjugated particles than to a cysteine conjugated 
particle. We would expect the opposite phenomenon for Hg. 
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This data and Subsequent control studies demonstrates these 
basic principles as well as the separation of two metals on a 
single 200 um particle. 
The selection of the appropriate ligands for coupling to the 

exterior region of a multi-shell particle may be performed 
using combinatorial methodologies. One method used to 
determine the presence of an analyte is a displacement assay. 
In one embodiment, particles that are conjugated with a 
receptor on the exterior region are reacted with the analyte of 
interest. Those particles with an exterior region with a 
strongly chelating peptide will remain fluorescent since the 
metal will not reach the core in a specified time period; 
whereas, the metal will quickly pass into the core of particles 
with shells that are weakly chelating and quench the fluores 
cence. By stopping the influx of the analyte and then analyZ 
ing the library, the particles with a strongly chelating shell can 
be separated. In embodiments where the exterior region is 
coupled with peptides, the peptides may be removed from the 
particle and separated using Edmond sequencing techniques. 

In one embodiment, a plurality of particles having a variety 
of peptides coupled to their outer shell may be produced. The 
inner core of all of the particles may have the same indicator 
(e.g., Fluorexon). For peptide libraries up to 20" different 
particles may be produced in a library, where n is the number 
of amino acids in the peptide chain. Because of the large 
number of different particles in these libraries, the testing of 
each individual particle is very difficult. 
When a plurality of particles is used, the analyte will bind 

to the particles at various strengths, depending on the receptor 
coupled to the particle. The strength of binding is typically 
associated with the degree of color or fluorescence produced 
by the particle. A particle that exhibits a strong color or 
fluorescence in the presence of the indicator has a receptor 
that strongly binds with the indicator. A particle that exhibits 
a weak or no color or fluorescence has a receptor that only 
weakly binds the indicator. Ideally, the particles which have 
the best binding with the indicator should be selected for use 
over particles that have weak or no binding with the indicator. 
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1182 s, 1195 s 
1158s, 1687s 
211 s, 438s 

In one embodiment, a flow cytometer may be used to separate 
particles based on the intensity of color or fluorescence of the 
particle. Generally, a flow cytometer allows analysis of each 
individual particle. The particles may be passed through a 
flow cell that allows the intensity of color or fluorescence of 
the particle to be measured. Depending on the measured 
intensity, the particle may be collected or sent to a waste 
collection vessel. For the determination of an optimal particle 
for interaction with an indicator, the flow cytometer may be 
set up to accept only particles having an color or fluorescence 
above a certain threshold. Particles that do not meet the 
selected threshold, (i.e., particles that have weak or no bind 
ing with the indicator) are not collected and removed from the 
screening process. Flow cytometers are commercially avail 
able from a number of sources. 

After the particle library has been optimized for the indi 
cator, the particles that have been collected represent a 
reduced population of the originally produced particles. If the 
population of particles is too large, additional screening may 
be done by raising the intensity threshold. 
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The collected particles represent the optimal particles for 
use with the selected analyte and indicator. The identity of the 
receptor coupled to the particle may be determined using 
known techniques. After the receptor is identified, the particle 
may be reproduced and used for analysis of samples. 

Examples 

Materials 

Polystyrene polyethylene glycol (PS-PEG) graft copoly 
mer microspheres (s130 um in diameter when dry and 230 
um when hydrated) were purchased from Novabiochem. Nor 
mal amine activation substitution levels for these particles 
were between 0.2 and 0.4 mmol/g. Commercial-grade 
reagents were purchased from Aldrich and used without fur 
ther purification except as indicated below. Fluorescein 
isothiocyanate was purchased from Molecular Probes. All 
solvents were purchased from EM Science and those used for 
Solid-phase synthesis were dried over molecular sieves. 
Methanol was distilled from magnesium turnings. 

Immunoassays were performed using carbonyl diimida 
zole (CDI) activated Trisacryl R. GF-2000 available from 
Pierce Chemical (Rockford, Ill.). The particle size for this 
support ranged between 40 and 80 um. The reported CDI 
activation level was >50 Limoles/mL gel. Viral antigen and 
monoclonal antibody reagents were purchased from Biode 
sign International (Kennebunk, Me...). Rhodamine and Cy2 
conjugated goat anti-mouse antibody was purchased from 
Jackson ImmunoResearch Laboratories, Inc. (West Grove, 
Pa.). Antigen and antibody reagents were aliquoted and 
stored at 2-8°C. for short term and at -20°C. for long term. 
Goat anti-mouse antibody was diluted with glycerol (50%)/ 
water (50%) and stored at -20° C. 

Agarose particles (6% crosslinked) used for the enzyme 
based studies were purchased from XC Particle Corp. (Low 
ell, Mass.). The particles were glyoxal activated (20gmoles 
of activation sites per milliliter) and were stored in sodium 
azide solution. Agarose particle sizes ranged from 250 um to 
350 um. 

Alizarin complexone (ALZC), N,N-diisopropylethy 
lamine (DIEA), 1,3-dicyclohexylcarbodiimide (DCC, 1.0 M 
in dichloromethane), N,N-dimethylformamide (DMF). 
9-fluorenylmethoxycarbonyl chloroformate (Fmoc), ethyl 
enediaminetetraacetic acid dianhydride (EDTAan), diethyl 
enetriaminepentaacetic acid dianhydride (DTPAan), nitrilot 
riacetic acid (NTA), acetic anhydride (AcO), triethylamine 
(TEA), and piperidine were all purchased from Aldrich and 
used without any further purification. NovaSyn TG amino 
resin LL (TG-NH) was purchased from NovaBiochem (San 
Diego, Calif.). The amine concentration was listed by the 
manufacturer as 0.29 mmol/g. The average diameter was 
listed as 130 um when dry and was measured as ~170 um in 
aqueous solutions buffered at pH 9.8 with 50 mMalanine. 
The following metal salts were used in making the metal 
cation solutions: Ni(NO), .6H2O, Zn(NO)6H2O, and 
Pb(NO), Ca(NO), .4H2O, Mg(NO),.6H2O. Ca" and 
Mg" solutions were buffered at pH 9.8 with 50 mMalanine. 
Solutions of heavier metals were buffered at pH 4.8 with 50 
mMacetate. 
Particle Preparations 

All final functionalized PS-PEG copolymer microsphere 
batches (resin) were dried under high vacuum for at least 
twelve hours. The resin was washed thoroughly before and 
after each coupling reaction on the Solid phase using a rotary 
evaporator motor to tumble the reaction vessel in an oblong 
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fashion (shaking), for a specified period of time (i.e., the 
“1x1' notation refers to one wash for one minute before the 
Solvent was drained). 
Indicator Immobilization via Amide Linkages 

Amino-terminated polystyrene polyethylene glycol 
graft copolymer resin (0.20g, 0.29 mmol/g, 0.058 mmol) was 
placed in a Solid phase reaction vessel and washed with 1x1 
minute dichloromethane, 2x5 minutes N,N-dimethyl forma 
mide (DMF), and 2x2 minutes dichloromethane. While the 
resin was being washed, an oven-dried round-bottom flask 
was charged with dicyclohexylcarbodiimide (DCC) (0.059 g, 
0.29 mmol, 5 eq) and hydroxybenzotriazole (HOBt) (0.039 
g, 0.29 mmol. 5 eq.) in 8 mL DMF and cooled in an ice-bath. 
To this mixture, alizarin complexone (0.20 g, 0.29 mmol. 5 
eq.) was added and the solution stirred at 0°C. for 30 minutes. 
After completing the washes of the resin, this solution was 
filtered and added to the resin. The heterogeneous system was 
allowed to shake for 2-15 hours at 25°C. At the end of this 
time, the coupling solution was removed and the resin was 
washed with 2x2 minute DMF, 1x2 minute dichloromethane, 
1x2 minute methanol, 1x5 minutes DMF and 1x1 minute 
dichloromethane. A small portion of this resin was then sub 
jected to a quantitative ninhydrin (Kaiser) test to assay for the 
presence of primary amines, using Merrifield's quantitative 
procedures. Various indicator substitution levels were used as 
required for the desired assays. 

Other dyes such as Xylenol orange (Sigma), calconcar 
boxylic acid (Aldrich) and thymolphthalexon (Aldrich) were 
conjugated to the resin particles using similar protocols as 
described above. 
Indicator Immobilization via Thiourea Linkage 
Once the resin (0.075 g, 0.30 mmol/g, 0.0218 mmol) had 

been completely washed, fluorescein isothiocyanate (0.034g, 
0.087 mmol. 4 eq.) in 5 mL dichloromethane and 5 mL DMF 
was added to it. Two different levels of dye loading were 
created so as to service the specific needs of the colorimetric 
and fluorescence-based measurements. If the resin was to be 
used for colorimetric Studies, it was allowed to shake in an 
oven at 55° C. for 1-5 days. The subsequent work-up of 
washes was followed as previously mentioned. If a positive 
ninhydrin test was obtained, the resin was resubmitted to the 
reaction conditions until ninhydrin gave a negative result. 
Resin designated for fluorescence studies was shaken at 25° 
C. only for 1-3 days as lower dye loading was needed. A 
quantitative ninhydrin test was then performed to assess the 
level of substitution. A low loading volume was required to 
minimize fluorescence self-quenching. 
Acetylated Resin 

Prewashed resin (0.10 g, 0.29 mmol/g, 0.029 mmol) was 
treated with acetic anhydride (1.5 mL, 15.9 mmol. 548 eq.) 
and triethylamine (0.034 g, 7.2 mmol. 248 eq.) in 5 mL 
dichloromethane. After 30 minutes of shaking at 25°C., the 
reaction mixture was removed and the resin was washed (as 
described above). A ninhydrintest produced a negative result. 
Antigen Immobilization for Viral Immunoassays 

Hepatitis B surface antigen (HbsAg) was coupled to the 
CDI-activated Trisacryl support in the following manner: 20 
uL of a 50% (by volume) particle slurry was pipetted into a 
0.6 mL microcentrifuge tube. The number of moles activated 
CDI sites per mL particle slurry was determined and reacted 
with HBs.Ag in a 1:3000 ratio (1 mole protein:3000 moles 
CDI sites). To the microcentrifuge tube was added 500 uL of 
a solution of phosphate buffered saline at pH 8. The resulting 
reaction mixture was allowed to react overnight at RT with 
shaking. Similar procedures were performed with HIV gp 
41/120 and influenza A antigens. 










































